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BOEING 737 FLIGHT CONTROL SYSTEM ‘

CRITICAL DESIGN REVIEW

PROJECT SUMRL4RY:

Recent accidents have raised questions regarding the operational
safety of the B737 flight control system. The FAA initiated an
extraordinary effort in an attempt to determine if anything may have
been overlooked. A nine-member team composed of engineers and

airworthiness inspectors fkom within the FAA and other government
authorities and USA agencies worked for over five months
reviewing the flight control system design and service history of all
models of the B737. Although some design and maintenance issues
have been identified and are reported herein, no safety issue has been
found that requires immediate corrective action. The Team has not
found any design issue that could lead to a definite cause of the
accidents that gave rise to this effort.

1. PROJECT CHARTER

a. Background and Discussion- As of October 1994, the Boeing 737-100/-200 series
airplane has accumulated nearly 43 million flight hours and the -300/-400/-500 series airplane

Inearly 20 million flight hours. During that time, a total of55 hull loses have occurred within the
whole series of B737 models none of which have yet been attributed to flight con~ol
maifuriction.’ This represents one of the best safety rewinds in the fleet of transport category
airplanes. However, the USAIR B737 accident near Pittsbur~ and the United B737 accident
near Colorado Springs, have raised questions about the flight control system on the B737.
Despite repeated reviews and analyses of the desi~ the question of whetker something has been
overlooked still persists. In an effort to answer this questiou the FM Transport Airplane
Directorate organized a Team to conduct a Critical Design Review (CDR) of the B737 flight .
control systems. The CDR was conducted independent of the accident investigation of USAir
Flight # 427. Appendix 1 contains the complete text of the original charter inaugurated on
October 20,1994.

b. Project Objectives - The T- in coordination with Boeing engineers and other
sources of information and guidance, developed an @lane level h-d msessment of the lateral
and directional flight control systems. The analysis of the flight control systems was mostly
qualitative and was consistent with guidance in Advisory Circular (AC)>. 09-IA.. Single
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failures and malfictions, both latent and non-lateng and combinations of ftilwm were reviewed
initially without reg~d to their probability of occurrence. The hazard assessment ccmducted by
the CDR Team included flight control system part(s), power supplies, worst-c=e reaction of the
crew to any malfimction, maintenance related issues and airplane”model differences. Because the
original failure analysis deve!oped by Boeing was qualitative, there were insufficient data to rank
the probability of occurrence of the single and multiple failures. Consequently, the focus of the
CDR was on the ahemative means of flight path control and its presewation in the event of
failure(s) or malfunction(s) rather than the elimination of the single or multiple ftilure event.

2. CDR TEAM’MEMBERS: The selection process for the Team members wss intended to
ensure that selected persomel were expert in their specialties and did not have direct
participation in the certification of the B737. It was hoped this approach would afford a flesh
look at the B737 ffight control design and its continued operational history. Team members
outside of the F&4 were selected to provide other perspectives on design ‘md operation. The
CDR Team was also supported full time by a National Transportation Safety Board (NTSB)
aviation safety investigator who was not assigned to any recent B737 accident investigation.
This report was reviewed by the investigator and all comments have been incorporated. This
involvement by the investigator in no way reflects any official Safety Board position on any
matters within this report. Appendu 2 contains the technical biographies of the Team members.

3. B737 AIRPLANE DESCRIPTION: The Boeing Model 737 design was originally
conceived in the early 1960s and cert$ied in 1967. The B737 is a conventional, two-engine, jet-
powered, large commercial transport. The B737 has a variety of passenger and cargo
configurations as provided by different models. A significant model change was introduced
with the advent of the B737-300 which incorporated a new engines variant (CFM-56) and
updated flight deck dkplays and automation The airplsne is designed principally for the short
and medium range routes. The flight control system is hydraulkally powered with manual
reversion available for pitch and lateral control. Pilot input to the flight control systems is
generally through a cable and pulley arrangement ~mected to hydraulic power control units that
position the flight control surfaces. ApWndix 3 contains a more detailed description of the
hydraulic control system Wd the duectional, longitudinal, and lateral flight path conbol systems “
of the B737.

4, CRITICAL DESIGN REVIEW METHODOLOGY The CDR Team determined it could
not conduct a detailed quantitative analysis within the time frame established in the Charter. It
wss established that a qualitative effo~ as provided by the definition in AC 25.1309-l&
paragraph 8a, “Functional Hamrd Assessment’ should be used in considering the available data
and resources tkat co~d be devoted to the effofi ASO, early in the projq the Team decided to
focus on the lateral and directional flight control systems. Although the Tm~=ived
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familiarization training on the longitudinal flight control system and high lift devices, a design
review was not conducted on these systems. The lack of implication of the longitudinal conkol
system as a causal or contributing factor in recent accidents and incidents, indicated that no
analysis effort on this system was warranted at this time. (Appendix 4 provides the day-to-day”
activity of the CDR Team.)

a. Objectives - In an attempt to help mahain focus on the purpose of the review, the
Team amplified the original objectives and process as follows:

(1) Identifi those failure events, both single and multiple, within certain flight
control systems that result in sn uncommanded deflection or jam of a flight control surface.

(2) Identify latent failures in each axis of flight control.

(3) Review the senice history of the failed or malfunctioning component or
subsystem through a review of Airworthiness Directives (AD), Service Bulletins (SB), Service
Letters (SL), Sewice Difficulty Reports (SDR), National Transportation Safety Board (NTSB)
recommendations, National Aeronautics and Space Administration (NASA) Aerospace System
Reporting System (ASRS) reports, and other repofi. (See Section 7: “Service History.”)

(4) Identi@ and review the maintenance or inspection requirements (task and
inspection interval), as provided by the manu.facturefs M~tenance Planning Document (MPD),
Maintenance Review Board (MRB) repot or maintenance manual for each identified component
or subsystem with critical failure potential.

b. Determination of Criticality -
till be in consideration ofi

The determination of the criticality of the failure(s)

(1) Functional hard assessment process (see Section 5).

(2)’ Current certification regdations, practice, and guidance.

(3) Service history of failed or malfunctioning componenu (see Section 7).

(4) The simulator exercise conducted in support of this review (see Section 8).

(5) The folIowing assumptions or qudifiing statements:

(a) The qualification of “normal flight envelope” or “control position
noxmally encountered” does not necessarily exclude the potential for a flight control
surface to jam when at full deflection unless full deflection is only required by flight
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conditions produced by another improbable failure, e.g., engine failure during a limited ‘
time period.

(b) The qualification of “latent failures,” as provided by AC 25.1309-lA,
paragraph 8.E “A latent failure is one which is inherently undetected when it occurs. A
significant latent failure is one which in combination with one or more other specific
failures or events, would result in a huardous failure condhion.”

(c) A failure condition is considered a hazard when continued safe flight
and Iandmg are doubtful, based on engineering and operational judgment of the Team.

(d) Continued safe flight and landing include consideration for the
flightcrevts workload and the requirement for their prompt and correct response to an upset
condition due to a failure.

5. FUNCTIONAL HAZARD ASSESSMENT:

a. Background - Boeing provided the Team with familiarization training and an indepth
review and presentation of the certification data developed for the B737 lateral and directional
flight controls. The certification &ta included identification of failures and recommended
ameliorating actions. Other documentation provided by Boeing for Team review or reference
included the following A@ne Flight Manual, Operations Manual, Maintenance Planning
Document, PCU Overhaul Manual, selected Type Inspection Reports (TIR), and ground-
fuxctional flight control mock-up (Ironbird) test reports. Sefice history information, as defined
in Section 4a. (3) of this repo~ was collected and sorted, as applicable, to help define failure
conditions or scenarios.

b. Discussion - The Boeing cert@cation data was not quantitative, and did not indicate
probability of occurrence of failures, except =“described in Section 6.b.(3), in the flight control
system. Following the review of this analysis, the Team identified a number of potential single
and multiple failures, failure scenarios and malfunctions, and latent failures in the flight control
system that had the potential to be h=dous, in aecordanc6 with Section 4 of this repent.

As noted in Section 4.b.(5)(a), the CDR Team considered jams in control pmitio~ not just those
“normally encountere~” in accordance with Amendment 23 to FAR $25.671 and Appendu 5
pg. A-20. The Team does not agree with the rationale that only control positiorrs associated with
“normally entiuntered” should be considered. There are too many variables (atmospheric
conditions pilot technique, airplane condition (trim requirement), air trsfllc, etc.) to define
“normally encountered” other than that it maybe less than fidl deflection The Team’s position is
that if a control position is possible, it is there for a purpose, and the pilot can use that control
authority. The only exception to this requirement is the case when fidl C.on&oldeflection is ordy
required (provided) to counter another improbable failure or event. Probability analysis should
not be used to predict piIot actio~ particularly in worst-case reactio~ in accordance with the



Team’s chsrter. (See “Recommendations For FM Actioz” Section 15. Recommendation -1, -
2).

A plan was established to test a number of the potential failure conditions in the Boeing “M”
Cab engineering flight simulator. The “M Cab was declarwl by Boeing to be of sufficient
fidelity for our purpose. A synopsis of the simulation exercise is contained in Section 8.

c. Assessment Process - The single and latent failures of concern to the Team are
contained in Sections 9 and 10. There was insutlicient time to determine numerical probability
of occurrence for single, multiple and latent failures, therefore the method for resolving the
hazard of the failures was qualitative and cmducted in accordance with the following:

(1) Failures were segegated by axis.

(2) Failures were then grouped by axis and failure mechanism, i.e., jams, loss of
function as a consequence of a break or separation and potential for a pilot to induce a hazardous
condition, in response to a failure, such as loss of rudder feel or loss of centering of the pilot’s
flight control input.

(3) Alternative means of controlling the airplane were identified and analyzed to
determine if they were stifllcien~ available, and could be applied by a pilot of normal skill.
Examples would be:

(a) If there is a potential for an uncon-pnanded rudder hardover that cannot
be alleviated, is there sufficient control of the aircraft for continued safe flight and landing
through tie lateral control system?

(b) If the ailerons are hardover because of a jam on the pilot’s side
(column, cables, aileron quadrant etc.), is there sufilcient lateral control available by the copilot
flying the airplane with flight spoilers through the aileron transfer mechanism?

(c) If the pilot were to induce a rudder h~dover as a consequence of the
10SSof fee!, is there stilcient indication(s) or sense of pilot control input to regain control of the
flight path of the airplane and continue safe flight and Iandmg?

(d). If there is a loss of system functiom like a hydraulic system faihre, is
the standby system readily available and operational?

(4) Having identified failure conditions leading to the use of designed alternative
means for flight control, a review was conducted of the service history and maintenance
inspection requirements and their frequency. This information was used to support the T-
position that there is a potential for occurrence of the identified jams, ftilures, and malfimctiom.
The service history was further scrutinized to determine if any changes were desirable, e.g.,
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modified inspection tasks and intervals, and whether certain SBS and SLS should be mandated to
enhance the safety of the flight cancel system.

(5) Latent failures that would rdYectthe operation of the alternative flight control
system including recommendations to reduce their potential for occurrence were then identified.

6. CERTIFICATION BASIS AND COMPLIANCE:

a. Model B737-100/-2OOSeries Ah-planes -

(1) Airworthiness Requirements. The B737-1OOand -200 were type+efiificated
in December 1967. Their certification basis was FAR Part 25, including Amendments 25-1,25-
2,25-3,25-7,25-8,25-15, and special conditions that added additional fuel system and
inoperative electrical system requirements, which became rules in later amendments to FAR Part
25. In 1979, another special condition was added to provide for an airplane Auto Takeoff Thrust
Control System (ATTCS). Two exemptions were granted that concerned maximum takeoff
gross weight and location of fire detectors.

(2) Analysis and Testing. In accordance with the certification basis, Boeing
performed analysis and testing to demonstrate compIi~ce with the airworthiness requirements of
FAR Part 25. The analysis included the generation of failure anaIysis documents for each flight
control system. Testing included ground tests on both a flight controls test bed (Iron Bird) and
airplane flight tests. Tests conducted on the ground included proof 104 frequency respcme, and
selected controI system faihwe (e.g., aileron body cables), Flight tests included stabilizer jams
and trim runaways, failed hydraulic systems, asymmetric Ieading edge devices, asymmetric
trailing edge flaps, jammed flight spoilers, and autopilot/yaw darnper hardovers. This list is
intended to be illustrative, not all encompassing.

(3) Results. The results of these analyses and tests showed satisfactory
compliance with the FW and the tests were typical of those ccmducted to show compliance
during the time period this airplane was type certificated.

b. Model B737-3001400/-5OO Series Airplanes -

(1) Airworthiness Requirements. The B737-300/400/-5OO series airplanes were
type certificated during the 1984-1990 time period (specifically November 14, 1984; September
2, 1988; and February 12, 1990, respectively). The certification basis for these aircraft was
essentially the same as for the B737-100/-2OO,without special conditions, which were
superseded by later amendments to FAR Part 25. Additionally, some later amendments to FAR
Part 25 requirements were imposed upon only stmcture or components that were unique to the -
300/-4OO/-5OOseries airgknes, with respect to tie exis~g -ZOOseries airplane. NO exanptio~
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were granted to the -300/-400/-500 series airplanes. However, severaI equivalent safety findings
were made with regard to these airplanes, none of which involved flight controls. Many of the
equivalent safety fidings for the 400/-500 series airplanes involved flight performance or
characteristic requirements that were related to the decision to use the methodologies of a
proposed amendment to FAR Part 25. This proposed amendment would allow the stalling speed
of the airplane to be the minimum speed at which the wing is capable of producing a normal load
factor of 1g rather than the minimum speed observed in the stall maneuver.

(2). Issue Papers. There were a number of FAA issue papers developed during the
certification of the B737-300 that addressed concerns currently being raised by the CDR Team.
One of these addressed maintenance items resulting !?omcertification activities. This issue was
resolved by the determination that no maintenance interval identification was necessary for
showing compliance with certification requirements. In contra.% the CDR Team has identified a
number of latent failures that require some maintenancdflightcrew action to ensure that a latent
failure, combined with any subsequent failure, is not hazardous.

There also were issue papers that dealt with pitck roll, snd yaw-impaired authority; pitc~ roll,
snd yaw control device uncommanded motion; ina&ertent extensionshetraction of high-lift
devices or spoilers; autopilot hardovers; and non-containment of turbine engine debris that are
pertinent to CDR Team investigations and recommendations. All these issues were resolved
during the certification of the -300 airplane. However, with the advantage of hindsighg the CDR
Team has identified issues that could improve the level of safety. (See “Recommendations For
FAA Actio~” Section 15.).

(3) Analysis and Tests. Boeing performed both tests and analyses to show
compliance with the airworthiness requirements of the certification basis for the -300/-400/-500
series airplanes. The certification data were updated and now, include system tiety analyses
(numerical probability of failure predictions) for new or modified features in the flight control
systems. Some additional ground tests, similar to thow conducted on the -200 series ~l~e,
were conducted for the -300/400/-500 series airplanes.

(4) Results. The results of these analyses and tests showed compliance with the
FAR requirements.

7. SERVICE HISTORM A number of sources were utilized to determine the service historY

of the identified components and/or subsystem elements of a flight Wntrol system under review.

a. Reference Documents - Service Difflcul~ Reports (SDR), Service Letters (SL),
Se~ice Bulletins (sB), A@owess Directives (AD), NTSB recomrnen&tiom, and NASA
Aerospace System Repofig System (ASRS) reports were obtained and reviewed. A SUIUMI’Y
listing of the documents or reports reviewed is included in Appendix 6.



b. Flight Control Components (wheel Well) - The Team was provided sefice history
information from a number of sources, regardiig this subject. Some of the information came
from Team observations and persomel intewiews conducted at facilities visited (Section 7.c.).
This information led to concerns for the vulnerabili~ of critical flight control components in the
main wheel well, to damage from environmental debris or failure of a wheel or tire. Boeing
identified one incident (ground event) where apiece of epoxy became jammed in the input link
to the aileron PCU. This event led to the installation of a protective soft cover. Aother incident
occurred with a T-43 (B737 military version) when a wheel failure ruptured hydraulic
components. In February of 1995, an incident occurred with a B737 -200 when system “A” lost
hydraulic quantity during an approach due to a ftilure of a hydraulic pressure line in the main
wheel welL It appears the mechanism for the failure was the accumulation of debris under a
ckrnp which then abraded the line. Also, during one of the Team visits to a repair facility, an
airplane was in for a “D” check and one aileron PCU had enough accumulation of dirt in the area
of the input linkage to the PCU to possibly limit linkage travel to less then the designed stop.

Boeing removed the protective screens in the wheel well (Reference SB’S737-52-1091 dated
June 22,1989,737-52-1088, dated April 19,1985, and 737-52-1081, dated January 29, 1982).
Boeing conducted extensive tire burst tests by simulating the gas pressure release from a worn
head (flat or bald spot) rupture with an air cannon. These tests showed that the screens could be
eliminated if protection from the gas blast was provided for specific components. SB 52-1091
details the changes required for screen removal as a result of these tests. No consideration was
given to tire explosion because nitroge% rather than air, had been mandated by regulation as the
pressurizing gas. Also, no consideration was given to wheel failure because of the later, more
stringent wheel requirements contained in TSO-C26C. Tread burst (gas release) was the only
mode of failure considered because a historical search revealed no other failure modes for a non-
rotating wheeh%ias-ply tire in the wheel well. Thrown tread was shown to occur with the wheel
rotating outside the well (before automatic braking that occurs as part of the re~action cycle).

Not withstanding the preceding considerations, the Team believes that the vulnerable location of
vital flight controls components and the hydraulic fluid reservoks for all three hydraulic systems
in the wheel well is a design cancem. (See “Recorrunen&tions for FAA Action” Section 15.
Recommendation -10, -11).

c. Manufacturer and Repair Facility Viiit - The Team visited various facilities and
informally inspected the new and used condition of the systems and components that provide
flight control. Trip reports on these visits are contained in Appendix 7. Only significant
observations are included here.

(1) Tramco In~ The Team members visited Tramco, Inc., an overhaul facility
located in EvereC Washingto@ on December 7, 1994. Trarnco is a FAR Part 145 Repair Station
that conducts regularly scheduled heavy maintenance checks on the B737 and other large
transport category aircm.R. The purpose of the visit was to look at inservice components, to
observe the condition of the parts and to familiarize the Team members with the actual aircraft
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hardware. This trip prompted a number of additional questions for Boeing regarding the repair
and maintenance of PCUS.

Obsemations

(a) In accordance with Parts 121 and 145, the repair station only performs

the maintenance requested by the aircraft operator, in accordance with their approved
maintenance program. For this particular “D” check the task cards dld not require access
to all parts of the ai@ane of particular interest to the T+ e.g., components under the
cockpit floor, etc., which had latent or single failure potential.

(b) The Team obtained valuable hands-on experience with aircraft
components, both on and off the airplane, particularly aileron and standby rudder PCUS
in the overhaul shop.

(c) TRAMCO uses Fortner Engineering repaired or overhauled “Iap
assemblies” (servo and bypas valves) for aileron and rudder PCUS almost exclusively in
the hydraulic component overhaul shop.

(2) Parker Hanniflm Corporation Control Systems Division. A Team
representative visited Parker Hannifm in Irvine, Caiiforni~ on December 16, 1994, to discuss
various aspects of the B737 rudder PCU. The purpose of the visit was to better understand
design details of the PCU, and to obtain more information about the service experience of the
units.

Obsewations

(a) Valve-chip shearing forces (as low ~ 37 pounds for inservice units)
on this actuator seem to be marginal.

(b) There is no adequate means for testing the dual spool sewo valve for
proper operation on the airplane.

(c) The dual spool servo valve is a complex assembly and is a critical
component of the rudder and aileron power control units an4 therefore, critical to flight
safety. Any facility authorized by the FAA to perform repair and maintenance or

manufacture this component must assure the FAA of having the nemssary equipmen~
personnel and data (desi~ manufacture, qualifiuttion and acceptance test procedures),
including access to the latest revisions to tie data provided by the OEM. (See
“Recommendations for FAA Action” Section 15. Recommen&tions -20,-21, -22).

(3) Douglas Aircraft Company. Several membm of the CDR Team visited
Dougl~ Aircraft Company (DAC) in Long Beac~ californi~ on December 21,1994. The
purpose of the visit was to enham% the Team’s knowledge of flight control design philosophies
of other aircraft manufacturers, in an effort to compare these with the design principles ,wed iII
the B737.



Observations

(a) The earlier DAC airplanes employ direct cable-driven surface tabs as
he primary control mechanism for many of the flight control systems.

(%) The airplanes that have a hydraulically powered rudder have built-in
hardover protection witi the use of split surfaces, or manual reversion via hydraulic
power shut-off lever. Earlier airplanes use deflection limiting devices with airspeed
inputs. Later airplanes use aerodynamic (blowdowm) limiting.

(c) After breakout the resulting prolonged forces required to control the
airplane after a jam in the lateral control system are significantly lower than those of the
B737.

(d) The DAC minimum chip-shearing capability for hydraulic semo valves
(100 pounds) is significantly higher than that of the B737 rudder PCU servo valve
(minimum 37 pounds inservice, and 39 pounds design).

(e) DAC has more restrictive contarnimted hydraulic fluid inspection
requirements than those of the B737.

(f) DAC performs flight tests of “rudder kicks” to determine structural
shength issues; flight tests of rudder hardovers to determine lateral versus directional
authority are not performed.

(g) DAC employs a safety, reliability, and ergonomics group to perform
hszard analysis on newer airplane models.

(h) DAC’SFailure Modes and Effects .%mlysis (FMEA) process is
comprehensive and crosses engineering and operational disciplines.

(i) In the DAC FMEA process for analyzing latent failures, DAC takes’
credit for the inspection interval of the identified failure, but does not make this
inspection a Cefification Maintenance Requirement...

(4) Fortner Engineering and Manufacturing, Inc. On December 20,1994,
several CDR Team members, together with Los Angeles ACO and MIDO personnel, met with
Bob, Bill, and Jim Fo~er, principals in Fortner, at the FW Los Angeles Aircraft Certification
OffIce (LAACO). The Fomer firm is an authorized Repair Station under FAR Part 145 and
repairs and overhauls aircraft hydraulic components of all types for primarily airline and other
aircrsft operator customers. They repair and/or overhaul B737 ~wer control units (PCUS) on
aileron/eIevators, and rudder Main Power Control Units and standby PCUS. Another visit with
Fortner was conducted on February 16,1995 at their facility in Glendale, Q. Ftier details on
Fortner’s fabrication of the dual-spool valve were obtained.

Observations -

(a) Fomer uses FAA-approved data (under SFAR 36 authorization)
for overhaul and repair of Boeing hydraulic components, but neither this data nor
their activities are coordmatd wio or authorized by, Boeing.



(b) Fortner stated it has been overluu+linghydraulic camporlents
since the 1950s and enjoys the conildence of many airline companies.

(5) Honeywell/Sperry. A Team representative visited HoneywellE@emy in
Phoenix, Arizo@ on December 16, 1994. The purpose of that trip was to review the
Honeywell/Sperry Yaw Damper design (Boeing Model No. 10-60447-1 8) used on Boeing Model
737-300/400/-500 airplanes, and to identify any issues associated with the design that may
compromise safety.

Obsewations

(a) A 12-month acc~”ulation of 200 failed Yaw Damper units was
reviewed by the group, in an effofi to identi~ failure trends. Of the 200 failed units
reviewed, 130 were due to rate gyro failures, and all of those were caused by damage
to the rate gyro rotor krings. Of the rernainin g 70 failures, 42 were cm.t%med as
“No Fault Foun~” and tie remaining 28 failures were considered “~ical” (i.e.,
failed components, cold solder joints, etc.). The review suggests that the reason for
the excessive frequency of rate gyro failures is due to a Boeing engirie change.
Boeing requested that Honeywell approve the existing Yaw Damper in the new
vibration environment That new vibration environment was a direct result of the
engine change, which is the principal difference between the model -200 and the -
300 aircraft. Honeywell has an action item to review those failures with Boeing.

(b) There are a number of failure modes that could cause the Yaw Damper
to command a rudder deflection to the limit of the Yaw Damper authority:

$) electrical shorts or groun~

(ii) open feedback circuits and”’

(iii) a cmdition involving an intermittent connection to the
transfer valve and an integration circuit in the coupler where the Yaw Damper could command
the rydder to deflect 30 for up to 120 semnds. Honeywell was not aware of this condition.
Furlher investigation is being initiated by Honeywell. (See “Recommendations for FA4 Action”
Section 15. Recommendation -14).

8. BOEING “M” CAB SIMULATOR EXERCISE CONDUCTED BY THE CDR TEAM:
The CDR Team conducted a simulator exercise in the Boeing “M” CAB simulator configured as
a B737-300 on November 17, 1994. The purpose of these testa was to determine the degree of
hazard associated with a number of control system malfunctions. These malfimctions were
selected without regard for their probability of occurrence or the FAR requirements. A repofi
documenting the results of these tests is presented as Appendix 5.

a. Failure Scenarios Investigated -

(1) Rudder/aileron trim runaways opposed by the autopilot



(2) Lateral versus directional control power including rudder “hardcovers.”

(3) Flight with zero or one-half aileronhudder feel force. “.

(4) Con&oIthrough the aileron transfer mechanism with ailerons jammed at one-
half to full deflection.

(5) Flight with one or two flight spoilers stuck up on the same side.

(6) Flight with the #2 slat retracted and flaps extended to 1,5,15, 25, and 40.
This was then combined with a maximum flap asymmehy between flaps 15 and 25.

b. Resuhs - ~

(1) Rudder/Aileron Trim Runaways. If the autopilot was disconnected “hands
ofF’ after a full displacement trim input, the aircraft rolled rapidly (13 to 22 degreeshec at lower
speeds and 30 to 44 degreedsec at higher speeds). Prompt pilot rktion W= required to prevent
excessive (>60°) bank angles from developing.

(2) Lateral Versus Directional Control Power Including Rudder “Hardcovers.”
These tests basically confirmed Boeing’s contention that lateral control has more roll authonv
than does the dihedral effect fkomtill rudder inputs for flight conditions tested except the flaps
1, 190 KIAS condition. For this condition lateral control also predominated, but recovery from a
rudder “hardover” was slow and required precise pilot control of resulting pitchhirspeed.
Prompt pilot response was required to prevent entering the inverted flight regime at high
altitudelspeed.

(3) Flight With Zero Or One-Half Aileron/Rudder Feel Force. Failure of one
spring (1/2 feel) in the feel and centering mechanism in either axis was judged to be difficult for

. . a pilot to recognize in flight and potentially latent. Zero feel in the lateral axis was recognizable
and control was not a problem. Zero rudder feel was recognizable and controllable but difficult
due to lack of rudder centering. Pilot inputs resulted in conditions similar to partial or full rudder
hardovers.

(4) Control With Spoilers Only After A Simulated Pilot’s Side Body Cable Jam.
With both ailerons jammed at the displacements test~ (10 to 20 degrees) flight with pilot input
through the aileron hansfer mechanism was extremely difficult due to the high forces necessay.
Control of the aircraft could be regained, but long term. flight to a successful Iandmg was
questionable, due to pilot efforl required ahd the onset of pilot fatigue. (See “Recommendations
for FAA Action” Section 15. Recommendation -8).

(5) Flight With One’Or Two Spoiler Panels Stuck Up On The Same Side. Roll
control in these flight conditions was generally not a problem. The additional pilot workload
factor was the lOSSof performance due to increased drag, and the loss of liR once the malfunction
was “counteredwith opposite wheel. The Iandmg configuration (two spoilers stuck up)
malfimction was flown to a landing and resulted @ a hard landing.

(6) Flight With The No. 2 Slat Retracted And Flaps Extendd Including
Asymmetric Flaps. None of these malfimctions presented a control problem until the angle of
attack was increased to near stall- Then a sharp roll-off in the dmtion of the retracted sht



occu.medalmost coincident with stick shaker activation. A normal stall recovery regained
aircraft control.

9. SINGLE FAILURES (TABLES 1 AND 2): Subsequent to the review of the certification
data and the simulator exercise, the Team identified a number of failure conditions (non-latent)
in the lateral and directional axes that were of particular concern. The failure conditions
identified herein include the worst case consequence of the failure, any “associated” service
history and recommended actions. The failure conditions identified in Tables 1 and 2 were not
designed to be self-explanatory. No attempt was made in this repent to explain the system details
sui%ciently so that the reader can fully understand the failure condltiom The certification data
provided to the Team by Boeing provides the details of each failure condition. Schematics for
the aileron and rudder control system are provided on pages 15 and 18 of this Section.

The “associated” service history shown in Tables 1 and 2 under the cdurnn labeled “ADs, SBS,
SLS,ASRSS, NTSB REC., SDRS”includes all the references that the Team felt indicated that
this type of failure ccndd occur or had occurred. Some of the referenced documents me not
directly related to the failure indicated in that row of the table. For example, if the failure is a
cable break or jm documents referring to a cable break or jam on a B737 may be included even
though the cable involved is different from the cable for which the row item was created.

Many of the failures identified in Tables 1 and 2 may have a very low probability of occurrence.
Fwther analysis will be neces~” to determine their probability. However, because the CDR
Team considered them to be not extremely improbable, they are presented as examples of failure
conditions that require the use of the alternate means of controlling the aircraft in order to not be
a hazardous condition as defined in Section 4.b.(5) of this report.

The tables are considered sufllcient to indicate the potential for breaks, jams or malfunction. The
objective of this section is to stress the importance of the alternate means of maintaining flight
path control, to identifi design or mainte~ce cmsiderations to ensure availability and
suitability of those alternate means, and to redum the probability of the initiating failure.

a. Single FaiIures, Aileron - The failure mechanisms identified in Table 1 suggest there
are a number of ways for a failure to result in a sustained aileron hardover. The significance of
the aileron failure conditions resulting in a jam of the aileron is the impcntance of tie alternate
means for controlling the airplane. The designed alternative means is the aileron transfer
mechanism.

As was experienced in the “M” Cab exercise, fight path cmtrol through the aileron h-ansfer
mechanism may be very difficult due to the high wheel forces. It is believed that if a full aileron
h~dover was to be camtered for any reasonable lengtAof time, continued safe flight and landing
in a B737 would be very difficult. (See “Recommendations For FAA Actio~” Section 15..,
Recommendation -8).

FaiIure conditions ~sociated with the flight spoilers are also identified in Table 1, one or two

panel failures (up) in the flight spoiler sy~m did not pr~u~ a si@fi~t roli antrol problem
as long as the rest of the lateral Conml system WrISopemtive. The significant of this failure is

. .

(/8)



the performance 10SSwith four panels up after balancing wheeI input has been made in order to
maintain wings level. Pilot awareness of the significant loss in performance is necessary to
assure continued de flight and landing.

Mo considered in Table 1, Item 5, were the speed broke/spoiler failure modes that could result
in one or more spoilers up for takeoff (Ref. NTSB A93-133/134/135). The CDR Team believes
that pilot b-aining and/or Airplane Flight Msnual or Operations ManuaJ should emphash the
necessity for determining spoiler position and not just speed brake handle position prior to
takeoff. (See “Recommendations For F.%4 Action,” Section 15. Recommendation-19).
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b. Single Failures, Rudder- The ~nsequence of the fake mechanis~ identified in
Table 2 are recognizable by the flightcrew. The failures suggest there area number of ways
where loss of rudder control and potential for a sustained rudder hardover may occur. More
importantly, when considering some undetected (latent) failures like Table 4, Items 1 or 2C in
the directional control system in combination with some of the single failures identified in Table
2, the potential for a sustained jam of the rudder at full deflection, as limited by blowdowm is
increased. The Team has determined the requirement for full rudder is within the scope of
normal operation. Since full rudder hardovers andlor jams are possible, the alternate means for
control, the lateral control system, must be My available and powerful enough to rapidly
counter the rudder and prevent entrance into a hamdous flight condition.

The requirement for full rudder may subsequently be shown to be limit~ for example, to a
specific phase of flight and time interval such m an engine failure on takeoff which has ken
shown to bean improbable event. If no other requirement for full rudder exists in the other
phases of fligh~ then the Team would accept that the capabili~ of the lateral control system to
counter a ~ full deflection jam could be shown at some lesser deflection not
associated with an improbable failure condition. The requirement would still remain to show
that an ~ hadover could be countered with lateral canhol unless this event can be
shown to be extremely improbable in accordance with Section 15. Recommendation -9.

The failure condition identified in Table 2, Item 3, has not been fully defined. The yaw damper
mod piston and pilot input summing linkage are a vital part of tie main rudder pwer conmol
unit. The interaction of the yaw damper and pilot input through the mod piston and the summing
linkage with the dual spool semo valve is complex. It is this linkage that limits the force that the
pilot can apply to shear an obstruction in the sewo valve. Whether there is a failure mode of
this inputisumming mechanism that could result in a yaw damper authority of greater than 30 or
could result in a servo valve open condition that produces a rudder hardover was not clearly
established to the satisfaction of the team. (See “Recommendations for FAA Action” %ction 15.
Recommendation -12, -13).

Failures identified in Items 7A and 7B of Table 2 are not of themselves “ha.mdous.” However

(1) They may initiate a more hazardous even~ either flight controls or flightcrew
related.

(2) They tend to mask andlor confuse other flight control anomalies that maybe
precursors or provide evidence of more hazardous failures.

Failures”identified in Items 8 snd 9 of Table 2 can be coming to the flightcrew and could result
in inappropriate flightcrew response. ~s is because the crew’s primary indicator of rudder
position is rudder pedal positio~ and these two failures cause displaced pedaIs and inopemtive
pedals. Flightcrew training in the recognition and proper response to these failures is .
recommended to assure continued safe flight and landing. (See “Recommendations For FW
Action,” Section 15. Recommendation -19).

#



The rotary valve input on the rudder standby actuator (Table 2, Item 6) produced by Dowty is
fitted with a journal bearing arrangement. The rotary input crank material is heat treated to
4400C and a hardness ~ 55-59. This crank rotates in a stainless steel housing heat treated to ~
35-37. This combination of materials and limited clearance, operating without lubncatio~ or
with only Slcydrol lubrication after a recent modlficatiow continues to result in minor galling of
the two members, therefore the potential for j arnming of the input to the rudder has not been
totally eliminated. (See “Recommendations For FAA Action,” Section 15. Recommendation -
15).

..
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B737 SINGLEFAILURES - LATERAL- AILERONS andb SPOILERS DEFLECTED (see NOTE) TABLE 1

ITEM # COMPONENT PART FAILURE CONDITION FAILURE ADs, SBS, SL~ ASRSS, NTSB RECOMMENDATION(S) or

NAME CONSEQUENCE(S) REC., SDRS COMMENTS

1 &ry Comporrenl Between Any Component Jams Flight Control Through AD=93-01-27, SB=27-1033, - Reduce Transfer Mechanism Force
Columos And Rear Spar During a Large Control Transfer Mechanism 1154,-1125,-1164 Required. Ref. %ct. 15. Rec. -8,-19
Aileron Quadrant or Spoiler Wheel Input Difkult Because Of High

Quarbarrt Wheel Forces
SDR= 88051600032

2 Any Compmrcnt From Jams In Worst Case, Ailerons ,40=88-07-04, SL= 27-57,-16 Determine if Prnlcction for Flight
Quadrant To The Feel And CouJd Jam at Full SB 27-1134,-1155 Contrrrl Components in Wheel Well is
Centering Unit Deflection

SDR= 91012500143
Required. Ref. Sect. 15 Rec. -IO .

3A Kllemn PCU Input Link Janrs Ailcmns Could Go to Full Soft Cover Jnstsdlcd Evaluate Jrrm Polcrrtial and Eliminate as

Deflection
SB = 52-1091

Required- Ref. ltcm 2 Above

30 Aileron PCU Spool Valve Both spools Jam (duaf AileronCould Go 10 Full SB = 29-1062, SL = 27-30, -71a Incorp SB 29-1062 Ref. See! 15. Rec. -4

failure)- Potential Cause Deffcction if Jams arc not SDR = 5 On PCU - Leaks,

Filter Burst Cleared Heavy Forces

4 SPnikr Mixer Jnkrrral Components Reduced Lateral Corwrol - None None

Become Jammed High Control Force And

High Drag

5 Spoiler System Cables Break Loss of Perfornrance On Af3 = 93-01:27, SB= 27-i 164, Develop training to ensure flightcrcw

Takeoff -1125, -1018, NTSB Rec. awareness nf failure condition. Ref. SecL

#A93-133,134,135 - Charlntte 15. Rec. -l9

Irrcidcnl SfJR = Several Found,

8905300315- One Involved

Cable Misrouting; O[hcra

Involved Cable Breaks

6 Aileron Autopilot Engage Cam-Out Mechanism Fails a. Autopilnt Hardover SL = 27-4 Develop training to ensure flighkrcw

Mechanism (-200 Only) Results 1ssFull Deftcction awareness of failure condi!ion. Ref. Sect.

Of Aileron (dual failure) 15. Rec. -l9

b. Aileron Jam

7 Aileron Cables Cables Break Or Jam Single Aileron I{ardover NTSB fkc. A94-064,065,066 More Thornugh Inspcclion Per NTSf3

A94-065 Ref. Item 2 Above Ref. SecI

15.Rec. -23,-24

. . . . . . . . . . .
NOTE: Failure Consequences, column 4, arc for worst case condmon and are not necessan[y uncontrollable met may be cxtremeiy rmprnoaom.

Identified references in column 5 may not directly relate (o the specific failure but are included because of similarity of components, materials, etc. ‘flse

failure condition. column 3. isasdefined by the f30eirt~ certification data provided to the CDR Team.
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B737 SINGLE FAILURES - DIRECTIONAL - RUDDER DEFLECTED (sea NOTE) TABLE 2

COMPONENT PART

NAME

FAILURE COND1TION FAILURE CONSEQUENCE(S) ADs, SBS, SLS, ASRSS, NTSB
REC., SDRS

None

RECOMMENDATION(S)
AND/ORCOMMENTS

None

ITEM
n

Component Or Cable Breaks Or
Diswnnecl

Loss Of Rudder Function when Needed1A

n--
i--

Crimp Fmm Pedals To
Torque Tube AFf

Ptlol-lnduccd Rudder Offset Al Full
IJdtcction If Commmdcd

AD= 93-01-27, StJ = 27-1125, -
1154, -1164, -1075

Comp Fmm Pedals To
Torque Tubc

Component Jsms, Rudder Remains
in Last Commended Position

Comply WM Service Dulklin.s. Rcf.-
Seer. 11.

Rudder MPCU
Inputlt+edback Linkage
Jams

Yaw Dsmper Imemd
Sum Lhrkmge

Linkage Bccnmcs Jsrmncd In
Orhcr Thm Neutrcl Position

Uncomrnmded Rudder Detlcc!ion SD= 27-1064 Train Fligh!crcws for Upset
Msneuvcm.Ref.-Sect.15.Rec. -19

Jam in Servo Valve Open Position ConductRudderPCU TesLs10
OetcrrnineJammingPotentialRef.
Sect. 15. Rec. -I2, -13

None

Uncornrrrmded Rudder Deflection >3
Degrees

3

Torque Trrbc Jams, Rrrdder
Remains in M: Cnrrmrmded
Position

hrns Wirh Improper Tolerances. or
f30rb Spook Jam

Pilot-lmdumdRudderOfTseIAt Full
DeflectionIf Consmmdcrt.

St. = 27-57, -164

,

Rrrdder Torqua Tubs

Unmrmnanded Rudder Displacement AD= 80-07-02,94-0 1-07; SL
27-83, -82b, -091, -SB = 29-

1062; SL 27-71A, NTSB -A-
92/11S1120/121

SL- 29-8, NTSB = A-91-077

lncrcuc Chip Sbesr ForceRmfdcr MPCU Servo
Vslve

Sect. 15. Rec. -4

Standby Ruddw Syllcnr toput Linkcge Or Valve Becomes
Jmrssrsd

Uncornnurrded Rudder Dctlectimr (Dul
Mny Ba Recoverable Via FccllCcntering
Unit Aod Pilot)

Redesign Ioput Crank Bccring Sect. I 5.
Rec. -15

Reduce FailrrrvJtstcEkmical AsronuIics or Rcte Gym

Failures

ummourscrrdcd3 rkgsec Rudder

Octkction (Steady or oscillatory)

ASRS = 3 Rcpmls Of Yaw
Damper Anorrsckies,SDR = 25
Reports . About SO% Due To
Yaw Dmrpcr Coupkr

ASRS = 3 Rcpm-tsOf Yaw
Dmtrpcr Anomalies, SDR -12

JWPOIISt~pmvcd V~iOIS
solenoid vslve applicsbk to rud
PCU Spcc No. 10-60881-8,-13

Nnrss

7A Yaw DmnpcPCoupkr,

krcluding Rare Gysss Ref. Sect. 7.c.(5) md 15. Rec. -I4

Yaw DamJu Transfer
Vslva, LVDT arsd
Solenoid Valve

Elcctrkat / Hydrsrdic Anomafies Un —urdcd 3 degree Rudder
Oetkctinn (Slecdy or Oscillslory)

Reduec Failure Rate

Ref. sect. 7.C.(5) Snd 15. RCC.-14

7B

Failure Cordd Prodriec Corrfirsing Rudder
Pedal Indications Leading To Pilot-
Irrduccd Unwrmtcd Rudder Deflection

Rudder Bus Bar Ftightcrcw Awareness Ref. Sect. 15.
RCC.-19

Rudder ftw Bsr Breaks Or
BCC4NSSCSScpcratcd

TeamBelieves SingleCables Do Nor
Mhrimisc Hazard of Rotor Burst,
Ref.Sect. 15. Rec. -3

-.

cables .%VCld thlCtoRolnrBurst Loss Of Rudder Function when Needed NmreRudder Cables

NOTE Failure Consequences column 4, are for worst case condition and are not necessarily uncontrollable and may be extremely improbable.

Identified references in column 5 mav not directly relate to she swcific faiiure but are ~cluded kcause of similariY of COmPonent%materials ‘tc. ‘e.. . ..... . . . . .
failure condition, column 3, is as defined by the Boeing cerfificalion data provided to the CDR Team.

2a
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10. LATENT FAILURES (TABLES 3 AND 4): The CDR Team identified a ribber of latent
failure conditions for both the lateral and directional axes. The failwe conditions identified in
Tables 3 and 4 were not designed to be self-explanatory. No attempt is made in this report to
explain the system details sufficiently for the reader to fidly understand the failure condition.
The certification data provided to the Team by Boeing provides the details of each failure
condition. The tables are only provided to indicate those latent failures considered.

a. Latera~irectional System Latent Failures - The failure conditions identified herein
include worst case consequence of the failure, any “associated” service history, and
recommended actions.

The “associated” service history shown in Tables 1 and 2 under the column labeled “0s, SBS,
SLS,ASRSS, NTSB REC., SDRS” includes all the references that the Team felt indicated that
this type of failure could occur or had occumed. Some of the referenced documents are not
directly related to the ftilure indicated in tkat row of the table. For example, if the failure is a
cable break or jam, documents referring to a cable break or jam on a B737 may be included even
though the cable involved is different from the cable for which the row item was created.

The Team was not able to identifi My latent failures that would result in a duect hazard. The
latent failures, when mmbined with the next worst failure in the component or related system,
did result in a hazardous condition as defined in Section 4.b.(5). Because of the potential for
hazardous conditio~ the Team believed that it was necessary to establish a means to determine if
the latent failure had occurred. The Team reviewed the MPD, MRB, and some operator
programs for the kinds of inspection tasks and intervals recommended regarding this
determination. It appears no standard was applied when the frequency of inspection was
determined for the identified failed components. In some cases there is no inspection task or the
task, is not sufficient to reveal the latent failure. (See “Maintenance Issues,” Section 11.)

b. Latent Failures in Control Valves - The Team has some general concerns regarding
the design of the aileron and rudder PCUS, specifically, the use of the dual spool servo valves,
bypass valve functiom and potentials for j arnming as a latent condition of the PCU. #

As qualified by Boeing, the rudder PCU dual concentric valve (Table 4, Item 2C) was intended
to prevent unacceptable redder deflection after a single slide jam. In the worst case single j-
the dual concentric valve will counteract the jammed open slide and allow aerodynamic loads to
trail the rudder in a rninimally”deflected position. In the best case single jam, the dual concentric
design provides full rudder capability availab[e at 1/2 the maximurp rate. The dual concentric
anangement does play a vital part in maintaining flight stiety. (See “Recommendations For FAA
Action,” Section 15. Recommendation -20,-21, -22). Consequently, the crew should be assured
that they have a properly operating valve assembly. (See “Recommendations For F&4 Actiom”
Section 15. Recommen&tion -16, -17).

O&



. . . .. . -- . .

In addition, the requirement to periodically cycle the standby rudder actuator with the standby “
hydraulic system activated shoufd be reviewed. Considering the importance of the standby
system, in particdar tie standby rudder PCU, periodic cycling of the system is necessary to
ensure proper operation of the actuator, to flush any contaminants (chemical or particulate) tiom
the actuator, to prevent comosion and binding, and to lubricate the seals. (See
“Reconunendations For FAA Actio~” Section 15. Recornmen&tion -16, -17,-1 8).



LATENT FAILURES- LATERAL - AILERONS mrdlor SPOILERS DEFLECTED (see NOTE) TASSI.F. 3—. .. ---—-

ITEM # COMPONENT FAILURE FAILURE CONSEQUENCE(S)AFTER ADs, SBS, SLS, Ask%, CURRENT RECOMMENDATION(S) AND

PART NAME CONDITION SECOND FAILURE NTSB REC., SDRS MAINT. REFERENCES
ACTIONS

i Aileron Transfer MechanismJams If There Is A Jam On The Pilot’s Side And SJ3 27-1033 Measure Forces lncr. Irrspcction Frequency Ref.

Mechanism The Transfer Mechanism Also Jams, Al Control sec. 15.Rcc, -16,-17,-18
LaIeral Control Of Airplane Is LosI. Wheel;7C

2 Spring Cartridge Jams If ‘fherc Is A Jam On The Pilot’s Side And. None Function Check; Incr. Inspection Frcqumcy . Ref.

llse Spring Cartridge Is AlsoJammed, 7C SCCt.15 Rec. -16,-17,-18

Mend Control Is Lost.

3 S@tler Cables Cables or Would Not Have Spoilers Available For Sft 27-1112, SL 29-37, Visual inspection Ref. Sect. 15. Rec. -16, ~17,

and Actuating Actuator Fail Lateral Control When Needed After SDR 910t 1100096, At 1A

Mechanism Another Failure. 40091700300,

89052200019

4’ Ra[io Changer Rod Fails Or When Combined With A Jam On Pilot’s Nom Visual Inspection Ref. Sect. 15. Rec. -I6, -17

Input Rod Jams Sidq Copitot Cmnot Move The Spoilers - And LUbC At tC

Lamral Control Is LosS.

5 Aileron Forw Force Limiter Whm Combined Wirfr Aileron Autopilot SL 27-46 None Develop inspection Task and Interval.

LOmiter Fails Hardovcr Could Become A Fult Aileron
SDR= 87652900028

Ref. Sect. 15. Rec. -16,-17

Deflection Hrrrdover.

6A Aileron PCU Spring Fails [f Valve Fails [n Press.-On Condition, AD 80-07-02, SL 29-46, - Gross Lcskage Leakage Check May NOI be

By-Pass Valve Vrdvc Jams Manual Reversion Control Force Incr. 5, -37,-SB 29-1062 Check At 3C. Adequam Ref. SccI. t 5. Rec. -I6, -17

Press. Off Failure Results in Loss of

Function of One Actuator.

6B Aileron PCU Blncked Valve Rcdrrced PCU Rate Capahiliry SL 27-30, -71A Gross Leakage Leakage Check May NOI bc

Actuator Orifice Check At 3C. Adquate. Ref. Sect. 15. Rec. -l6, -17.

6C Spool Valve Spool Jams A Stngte Spool Jam Is Latent; The Next SL 27-30, -7tA Gross Leakage Leakage Check May Not be

Jam Could Cause Ao Uncommmded Check Al 3C. Adequate. Ref. Sect. 15.Rcc.-I6, -17

Memn Deflection.

7 Aileron Feel & Spring Fails [f The Second Spring Fails, Zero Feel SB27-I 134,-1155 Ic
Centering Unit

Ref. Sect. 15. Rec. -t6, -t7

Forces Could Cams A Pilot-Induced

Upset. Broken Spring (Non latent) Could
Atso JamThe Unit.

. ..- ..-. - . . .
NOTE: Identified latent failures have no havardous cffccf unless combined with a second failure condmon. Identt[wct recerenccs m cotumn 5 may not directly relate to the spccitic

failure but are included because of similarity of components, materials, etc.



IJ737 LATENT FAILURES - DIRECTIONAL- RUDDER DEFLECTED (see NOTE) TABLE 4

ITEM # COMPONENT FAILURE FAILURE CONSEQUENCE(S) ADs, SB*, SLS, ASRSS, CURRUNT RECOMMENDATION(S) AND

PART NAME CONDITION AFTER SECOND FAILURE NTSB REC., SDRS MAINT. REFERENCES

ACTIONS

1 Feel And Centering Spring Fails If Second Feel Spring Fails Piloi SLS = 27-57 And 27-24 Some lC. Visual Implement Training To EKpOSCPilots to

Unit May induce Large Rudder SDRs bsrkics[cTbar Some Inspect Consequence of Failure Ref. Sect. 15 Rec.

Deflection Due To No Feel and Pilots Identi& llris Failure. -19

Centering

2A PCU - ByPass Valve Jams If Fail When Deactivc ‘fhen No AD= 94-01-07 (SL = 27-91, Gross Leakage Component Leakage Check

valves Forw Fmm Its Hyd. System. 27-82, 27-83) Check at 3C
(requires bottoming actuator)

Ref. Sect.15. Rec. -l6, -17

20 PCU - Tandem Blocked press. Lose Effort Of Rclaled Hyd Sys. S0 27-1060, Gross Leakage Check actuator function independent with

Actuator Path On One Check at 3C A & B Hyd. Sys.

Sys.
Ref.Sect.15. Rsc. -I6, -17

2C Pcu - !@ol Single Spool Jam Next SpoolJaorOr out Of AD -94-01-07 (SL = 27-91, Gross Leakage Component Leak Check

Vslvcs Or Secondary Tolerance Spool pMdIIcIX 27-82, 27-83) Check at 3C

Slide Overtmvcl Unwasted RudderDefection
Ref. SCCI.15. Rec. -16,-17 Develop check

for single jam.

3A Stdby Rudder PCU Bypass valve No Stdby Rudder Available AD -80-07-02, SL -29-8, IC - Operational hrcreasc Check Frequency Ref. Sect. 15.

Fail In Bypass, NTSB = A91-77 Check Rec. -I6, -17. -JK

servo Vslve

Jammed,

Linkage

Disconnect

3B Stdby Rudder Shutoff Valve Fail on Next Failure Pump Oo, SL = 29-8 IC. Operational increase Check Frequency Ref. Sect. 15.

ShutofT Vakve Fails Red In Greater Rudder Check

Including Auto

Rsc. -16, -17

Deflection Capability When In

Stdby Function Blow Down Rcgioo. Fail-Off No
Stdby When Required

3C Stdby System Pump Pump Fails No Stdby Rudder Available SL = 29-8 lc - hscrcsse Check Frequency, Ref. SCCI. 15.

Operational
Rec. -l6, -17

Check

.- ..- . ...,. . .. . ,.
NOTE [dentified latent failures have no hazardous effeet unless combined with a second failure condttlon. Jdentitled relercnces ut cohrmn > may not mrecuy re!ale to me specmc

failure but arc included because of similarity of components, materials, etc.



. . . .._

Il. MAINTENANCE:

a. Maintenance Review Board and Maintenance Planning Document - The Team
reviewed the inspection intervals and related maintenance treks for each identified latent failure
mode. The Maintenance Review Board Repent (MRB) approved by the FAA and the
Maintenance P!anning Document (MPD) developed by Boeing, were used as the primary
references in the review. These documenu are used by operators and the FM in development
and approval of an initial maintenance program The Team rdso met with the FA4 MRB
Chairman to discuss the history of the B737 MRB.

The MEWoutlines the initial minimum maintenance and inspection requirements established
jointly by the manufacturer, operators, and the FAA. The MRB document was originally
released in 1967 and revised in 1971. The MRB document was revised again in 1983, concurrent
with the introduction of the B737-300, but no changes were made to equipment emnmoa to the
B737-IOOA200. The current Revision 5 was released in December 1993.

The MPD supports the MRB and provides the manufaoturefs maintenance recommen&tions.
There are WO versions of the 737 MPD to address the -100/-200 models and the derivative -300/-
400/-500 models, respectively. we Boeing document identification and revision status are D6-
17594, Rev. P, for the -100f-200, and D6-38278, Rev. ~ for the derivative models. The -100/- .
200 models MPD is no longer amended.

T%eoriginal MRB and MPD did not use any formal analysis for the development of the
inspection intervals, processes, or tasks. There are two formal methods in use today which were
developed by the Airline Transport Association (ATA) and tie FAA referred to as Maintenance
Steering Group (MSG) logic 2 and 3. (See “Recommendations For FAA Action+”Section 15.
Recommendation -16,-17, -18).

When applied to a particular aircrafl type, the MSG-2 logic results in a list of “maintenance
significant items.” Each of these items is assigned one or more of the three processes defined
below

(1) On-Condition (OC) is a preventative process that requires a component or
part to be periodically inspected or checked against some standard to ensure that it ean remain in
service.

(2) Hard Time (I-IT) is a,preventative process that requires a component or part
be removed from service for overhaul or disposal.

(3) Condition Monitoring (CM) is not a preventative proc-essand allow for
failures to occur. It relies upon analysis of operating experien~ and failure trends to identify
comective action that would preclude continued unsatisfactory performance of a system or ptut.
This process can only be applied to those items which have no &it adveti aiTeeton safety and
have no hidden functions (when malfunctions would not be evident to the flightcrew).
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MSG-3 logic results in a maintenance progiam consisting of tasks under specific headings. It
does not use any of the MSG-2 processes (OC, ~, or CM). Boeing conducted an independent
analysis using MSG-2 to support the introduction of Condition Monitoring in Rev. B (1975) to
the MPD. Later revisions to the MPD that incorporated the -300/+00/-500 models utilized both
the MSG-2 and MSG-3 procedures. MSG-2 analysis was used for components or systems
peculiar to the B737-300/+00/-5OO and MSG-3 analysis was used for the engines and new
structures.

The MRB Report is not revised evexy time the MPD is’revised. In fac$ the MRB has not been
revised for those items that are common to all B737,models since the 1971 revision. The later
revisions that incorporated the -300/+00/-500 models only.incorporated those MPD tasks and
intervals that were developed under MSG-2 and MSG-3 for those components, systems, engines,
and structures which are peculiar to the derivative models with respect to the -100/-200.
Therefore, the MRB is out of date regarding many, if not mos~ of the components on the B737.
New operators nommlly request that they be permitted to use some fairly recent version of the
MPD that is compatible with the modification status of their aircraft ss a starting point for their
maintenance program rslher than using the MRB.

Inspection intervals used in the MRB and MPD are commonly referred to as “letter checks” and
they correspond to aircraft utilization in either hours or cycIes. The current intervals are 200
hours for A checks and 3200 hours for C checks. Originally, B and D checks were also
specifie~ but these checks and their tasks are now included as multiples of the A and C intewals.
For example, D checks are now identified with 7C intervals which corresponds to 22,400 hours
as opposed to 9000 hours when the MRB was originally approved. See “Recommendations For
Ffi Action,” Section 15. Recommendation -16,-17 regarding the cmcem for escalating
inspection intervals in consideration of the criticality of the latent failure.

b. Maintenance Issues Pertaining to Latent Failures- The following tables identify
the latent failures and related MTD maintenance tasks with inspection intervals. Also included is
the maintenanm action for each failure. MRB items are not shown because they do not address
all components of the cument aircraft and are fiquently out-of-date, as explained above.
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DIRECTIONAL LATENT FAILURES - MAINTENANCE

ACTIONWFREQUENCY

FAILURE MPD MPD MAINTENANCE ACTIONS/COMMENTS
FREQ. TASK

Feel .hd lC B27-21- Visually Inspect For Condition And Security. I May Not Be Latent
Centering 00A4 Because M?Pedal Force May Be Detected.
unit

Rudder 3C B29-OO- Some Failure Modes &e Not Detectable By The Internal Leakage
Pcu O06A Test. / May Not Detect High Internal Leakage Because Test Does
(Includes Not Isolate Components. (See “Recommendations For FAA
spool Actio~” Section 15. Recommen&tion -16, -17).
Valve,
Actuator,
hd By-
Pass VaIve)

Standby 3C B29-OO- Internal Leakage Test Of Hydraulic Systems. I Would Detect High
Pcu O06A Internal Leakage Because Test Does Isolate Components.

Standby lC B27-21- OPrational Chwk Of The System. I This’Includes Moving The
Rudder 84-2A Rudder.
System
(Including
pump hd
Valve)

@



LATERAL LATENT FAILURES - MAINTENANCE

ACTION!YFREQUENCY

FAILURE MPD MPD TASK MAINTENANCE ACTIONS/COMMENTS
FREQ

Aileron 7C B27-11-05B Functional Check I Measure Forces at Control Wheel.
Trsnsfer
Mech.

Aileron Spring lC B27-00-00-D Visually Inspect For Conditions’and Security. / Functioned In
Cartridge And B27-11-05B Conjunction With Aileron Transfer Mechanism

7C

AiIeron Feel lC B27-00-00-D Visual Inspection For Condition And Security. I May Not Be
And Centering Latent Because 1/2 Forces At Control Wheel May Be Detected.
unit

Aileron Bus 3C B20-20-31 Inspect For Condition. Clean hd Lube. / May Not Be Latent
Drive Cables Because WheeI Offset May Be Detected By Flightcrew,
(Right Hand
Body)

fileron PCU 3C B29-00-00-6A Internal Leakage Test of Hydraulic Systems. I Some Failure
Modes Not Detectable By Internal Leakage Test. May Not
Detect High Internal Leakage Because Test Does Not Isolate
Components. (See “Recommendations For FAA Action,”
Section 15. Recommendation -16, -17).

Spoiler Cables 1A B27-60-OOA Visually Inspect Spoilers And Actuating Mechanism At Wing
and Actuators B53-14-00-A Location and Check Wheel Well For Condition And Security

Including Cables. /None.

R@io Changer lD B27-00-OOD Visually Inspect For Condition And Security. /None.
Input Rod

Aileron Force None None None. 1Possible Failure Modes Could Allow A Autopilot
Limiter Hardover To Be A Full Deflection Hardover. (See

“Recommendations For FM Actiom” Section 15.
Recommendation -16, -17).



c. Discussion of Table Items -

(1) Some of the tzsk intervals are excessive, pixticularly in the hidden function
alternate systems such as the standby rudder, aileron tmu+fer mechanism, and aileron spring
cartridge. T%erelationship between task intervals and exposure to latent failures is unclear.

(2) Although the MRB and MPD do spec@ tasks that cmdd identifi latent
failures, nothing prevents task interval escalation or possible deletion by ope~tors based on their
particular experience, reliabili~, and Iocal FAA approval.

(3] The MRB originally Hard-Treed the PCUS at 12,000 hours and subsequently
allowed “On-Condition.” The MRB (Rev. 2, 1971) specifically made reference to the
accomplishment of an internal leakage flow check. It also made reference to the component
leakage me which is no longer accomplishe~ as the MPD task is now a gross internal leakage
test. The gross internal leakage test would not detect all latent failure modes within the PCU
and, in some cases, may not detect excessive leakage rates. (See “Recommendations For FAA
Actiou” Section 15. Recommendation -16,-17, -18).

d. United States Air Force (USAF) Maintenance Philosophy - Maintenance practices
in the USAF ue driven by regulation. Each Major Command (14MCOM) is responsible for
setting up a maintenance program which meets the minimum requirements. A typical
maintenance organization includes: Quality Assumnce, Safety, Maintenance Opemtions Center,
Flight Line Maintenance, Inspection Sectio~ Field Maintenance (e.g., airframe, powerplant
hydraulic and electric shops, etc.) and Avionicdnstrument sections.

Phase inspections are equivalent to a C checkand Programmed Depot Maintenance to a D check.
Special inspections are typically driven by Tme Compliance TechnicaJ Orders (TCTO) and csn
be one time or repetitive in natue. Air Force aircraft that ar4’ccxmnon to commercial operators,
comply with FAA A.D.’s through the TCTO program. Compliance with Semite Bulletins is
driven by the Quality ksurance office at the unit level.

Following a review of the USAF T-43 maintenance program and practice, it was established that
flight controls are given particular attention daily by accomplishing wmplete flight control and
standby system checks with a ground observer present. This practice is also true for all transpts
operated by USAF.

12. HYDRAULIC FLUID CONTAMINATION The Boeing material specification that
defines the hydraulic fluid used in the B737 hydraulic power control systemsisBMS3-11. The
currently recommended formulation of this fluid is Type IV Class 1 or 2 (SAE particulate
contarnimtion method NAS 1638- fourteen classifications starting with 00 as the lesst
contarr&ated). The Type IV fluid contains additives to prevent the erosion of hydraulic valving
components that was evident in fluids of the earlier speciflcatiorL This fluid is currently used in
all the Boeing commercial aircraft as well as in commercial aircraft of other manufacturers.

a. Hydraulic Fluid Manufacturers - Manufacturers of hydratilc fluids are Monsanto
(Skydrol LD-4 and Sky&oI 500B4) and Chevron (I-&jet IV A Plus). Significant performanw



degradation and component damage can occur if the hydraulic fluid chemical propeties are not
maintained. The hydraulics section of the Maintenance Manual provides inservice limits of the
chemicaI properties. Boeing does not requirehecommend control of the particulate matter in the
aircraft inser-vicehydraulic systems, but limits particulate through filtration. Boeing does
ensure that the particulate count in the hydraulic systems of newly delivered aircraft meets the
cleanliness requirement of NAS 1638 Class 9. Douglas Aircraft controls all in-house aircxaft
hydraulic fluid system to a particulate level of Class 8.

b. Filters Sue - The hydraulic systems and components in the B737 contain a suitable
number of filters. They are located and sized to ensure particulate control. The pressure and
return filters are equipped with elements rated at 15 micron absolute. The return filters are
equipped with differential pressure indicators to provide visual indication of irnpendmg filter by-
pass. The case drain line filters are rated as 25 micron absolute. The ground servicing module
on the airplane is equipped with a 15 micron filter to ensure filtered fluid when the systerm are
serviced by a ground cart. A 3.0 micron filter is included in the reservoir fill circuk In additiou
a 15 micron filter is included in the power mmsfer unit.

c. Filter Replacement - Boeing has established the following replacement intervals for
the filter elements:

A & B Hyd. Systems Interval Standby Hyd. System Interval

EMP & EDP Pressure ~
I

Ic Pressure Filter I lC
Filters .

Return Filters I 8A I Case Drain Filter I Ic

I EMPCaseDrainFilters I 3A I

I EDPCaseDrainFilters I 8A I

I Gnd Service Filters 12CI

I Power Transfer Unit Filter I lC I

I ReservoirFill Filter Ilcl

The individual power control units are also provided with particle filtration at the pressure inlet
with additional filtering provided for the fluid supplied to the yaw damper or auto pilot electro-
hydrmdic servo valves. Filter ratings vary depending on the particular unit and application. The
filter units are customarily cleaned and replaced at component overhaul.
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d. Fluid Sampling - Boeing does not have a general fluid sampling schedule but
recommends that the operator and the fluid manufacturer determine fluid sampling intervals.
Boeing’s position is that the airlines and fluid manufacturers are in the best position to determine -
the fluid sampling intends for a particular operator, given the operating environment- BotlI
Monsanto and Chevron offer no-charge fluid analysis to the airlines. In contra.% Douglas
Aircraft recommends specific hydratilc fluid sampling intervals for their aircraft Douglas
Aircrafi maintenance manual limitations for particulate are per NAS 1638 Class 9. See
“Recommendations For FAA Actio~” Section 15. Recomrnen&tion 4, regarding
standardization of hydraulic fluid sampling and contamination levels.

e. Fluid Recycling - Boeing Service Letter 737-SL-29-50, &ted January 10, 1991,
discusses and authorizes a “Pall Land and Marine” purifier to recycle the BM 3-11 hydraulic
fluid to remove water, air, and chlorinated solvents. It uses a vacuum and moderate heating, and
will not degrade or remove the special additives in Type IV fluid forrmdations.

13. AUTOPILOT: The B737 autopilot examination was limited in scope to the lateral and
yaw axes. l%e pitch axis was not consider~ as explained in Section 4.

A brief review of the autopilots used on the various B737 models was conducted. Particular
attention was given to failure modes. The roll and yaw autopilot authority is limited by the
primmy flight control system, and all autopilot “hsrdover” failures are contained by the limiting
devices in the primary flight control system. The Team has concluded that an autopilot
malfunction is not a hazardous oca+-rence, and could not be a primary cause for 10SSof control
of the aircraft without a failure of the mechanictiydrmdic limiting devices. Two of these
limiting devices have been identified by the Team as having potential failure modes that could be
“hazardous” and are discussed ss followw

a. Aileron Force Limiter - The aileron force limiter (Ref. Table 3, Item 6) is required to

function to limit the severity of an autopilot malfunction that results in a “hardover” signal to the
aiIeron PCU transfer valve (-100/-200) or one of the two autopilot actuators (-300/400/-500).
This limiter is a mechanical device, at the base of the pilot’s control colunuL that ramps up an
additional force opposing autopilot conlrol input that feeds back to the control wheel. On the -
100/-200, this device limits lateral control input fkom the autopilot to either 17” or 24” of control
wheel rotatio~ depending on whether the aircrafl is Civil Aviation Authoriw (GresitBritain)
certified or FAA certified respectively. On the -300/-400/-500, a similar device has a dual mode
capability that is switched electrically by the flap position, This limits the autopilot authority to
17° of wheel, flaps up, and 25° of wheel, flaps don

Boeing performed a failure analysis of the force limiter for tie -300 certification which showed a
probability of failure of the force limiter that would allow greater than 17°/25” aufiority of
2.ox1o-6. When combined with the probability of a hardover command occurring, which wss

estimated to be 5.4x10-5 and a detection probability of 0.5, this produced a probability of
5.4x10-11 that a single channel roll bardover with excessive authori~ would OCCUr. While this
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probability is very remote, it is dependent on the function of many components in the force
limiter. As shown in the Lateral Latent Failures Table in Section 11, the ~leron force limiter
presently has no required or recommended maintenance inspections or tasks. The Team telieves
that inspection tasks and intervals should be established for vital components whose latent failure
could have hazardous consequences, even though a failure analysis has shown a numericzd
probability of failure that allows the component to go tminspected for the life of the airplane or
until an “on-condition” overhaul. (See “Recommendations For FAA Actiom” Section 15.
Recommendation -16, -17,-1 8), regarding inspection intervals and tasks for identified latent
failures.)

b. Autopilot Force Limiter - The autopilot force limiter functions to limit the autopilot
authority through a “cam-out” mechanism that disengages the autopilot servo(s) input on the -
300/-400/-500, and rele=es the main servo wdve so that it canceIs the transfer valve (autopilot)
input on the -100/-200. This same mechanism allows the pilot to overpower the autopilot
Protection from jarnrning of this “cam-out” device is provided by a shear-out device on the -30C/-
400/-500. No such protection is provided on the - 100/-200.

Failure of this engage/cam-out device in the aileron PCUS on the -100/-200 to relwe or
disengage could result in either an autopilot induced full deflection hardover (with a hardover
electrical signal) or inability of the pilot to make control wheel inputs to the PCU. The pilot
could alleviate a “hardover” by disengaging the autopilot with the control wheel disconnect
switch. However, he still would be unable to make control wheel inputs to the PCUS(they
would be locked in the neutral position). The cretis alternatives would be to conhol the airplane
from the copilot’s wheel via spoilers through the transfer mechanism, or to turn off both “A” and
“B” hydraulics and utilize manual reversion. If no autopilot electrical anomaly (e.g., hardover)
had occurred and only the engagelcam-out device had failed to disengage, the airplane could be
flown utilizing the autopilot.

Because of the crew choices and possible confusing nature of his failure scenario, the Team
believes it is a crew training issue. (See “Recommendations For FAA Actionj” Section 15.
Recommendation -19). Also, this is one example of a frequently occuning issue in the original
Boeing certification data where an action item resulting born tie analysis was not carried
through to either the Airplane Flight Manual (AFM) or the Operations Manual. Consequently,
the flightcrew is not informed of all of the factors necessay to make the best decisions necessary
to continue safe flight and landing. (See “Recommendations For FAA Action,” Section 15.
Recommendation -5,-6, -7).

14. ICING: Loss of control of the aircraft due to airhrne ice contamination was not
investigated by the CDR Team. The reports of all the accidents or incidents that precipitated the
review did not indicate that icing conditions were prevalent or suspected of being involved. The
Team did identi@ and evaluate several incidents of fkezing of the control mechanisms (i.e., ~,
feel, and centering) or complete aileron system. Them (Ref. App. 4, .SB 27.1053, SL 27-16
and 27-48) and feel and centering units (Ref. SL 27-24 and 27-57) tkezing incidents were
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relatively minor. The incident when there was a complete freezing of the aileron system was due
to the accumulation of rain while the airplane was on ground. The rain then ffoi!eas the airplane
climbed to altitude. When the aircraft returned to warmer temperatures the situation was
alleviated. None of the incidents reviewed by the Team involved icing whale airborne.

15. RECOMMENDATIONS FOR FM ACTION: AS a result of having conducted the B737
flight control system critical design review, the Team believes there are a number of Action
iterns that should be addressed by the Seattle Aircraft Certification OffIce (SACO), the
Transpofi Airplane Directorate Mar@@ Staff (T’SS),Aircraft Engineering Division (AIR-1OO)
or Flight Standards Service (AFS) as maybe appropriate to any particular or all models of tie
E737. Prior to the completion of any plans for implementation of these recommendations, the
CDR Team wilI rssist the affected F.&4 offices regarding any required clarification of the intent
behind each recommendation. Also, the CDR Team will review specific actions undertaken in
response to these recommendations to ensure that they are what was intended and that final
action satisfies the recommendations. The recommendations and FAA action include regulatory
interpretive material, certification processes, design features, and continued operational safety
issues,
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REGULATORY INTERPRETIvE MATERIAL

FAR $25.671 refers to “normal flight envelope,“ “exceptional piloting skill and stren~” and
“control position normally encountered” regarding jams in a flight control surface. The CDR
Team believes the interpretations that have been applied in the pasg regarding amount of flight
control input to be considered in showing compliance with the referenced regulations, may not .
be sufficient. Section 5.b. discusses the rationale for the foI1owingrecommendation:

Team recommends that TSS:

llR.ECOmENDATIoN-1 II

IIRECOMMENDATION -2 II

develop national policy and or rule making as necessary
and applicable to transport category airplanes that defines
“normal,” with respect to jams. This definition should
include consideration of a jam of a control surface at any
position up to its full deflection as limited by design, and

develop national policy requiring tha$ when aItemate
means for flying an airplane are employed, those means
shall not require exceptional pilot skill and strength and
that the pilot can endure the forces for a sufficient period
of time to ensure a safe landing.

Because both primary and standby elements of tie directional control system are exercised
through only one set of cables, the only alternate means for rudder control after a cable failure is
rudder trim. Assuming a rotor burst severs the rudder cables during a critical phase of fligh4 the
Tesm believes rudder trim is not a suitable alternative for directional control ai?er such an event.
AISOthe Team believes, based on its engineering judgment that a single set of cables does not
constitute minimization of the hazard after a rotor burst in accordance with FAR j 25.903
Amendment 25-73. It is understood that the certification basis of the B737-100/-2OOdid not
include this requirement because it did not exist at the time. The B737-300/400/-5OO did show
compliance to the referenced rule, but used earlier policy that allowed a probabilistic analysis
including event exposure time.

The CDR Team recommends that TSS:

RECOMMENDATION -3
formally estabkh the transport category airplane
requirement for redundancy in the directional
control system to maintain control in the event of a rotor
burst for the most critical phase of fight. Determine
whether or not this requirement should be applied to
new type certificate applications, derivative applications
or aircraft in production. -

(237



The sensitivity of hydraulic components (iicluding actuators and their controlling ,elements) to
chemical or particulate contamination has not been fidly established. Section 12 provides the
rationale for the folhxving recommendation:

The CDR Team recommends that TSS:

RECOMMENDATION -4 1[
develop national policy for transport category airplanes
requiring the determination of critical hydraulic flight
control system and component sensitivity (jam potential
and actuator performance) to contamination,
requirements for sampling hydraulic fluid, and
requirements for actuator components to eliminate or pass
(shear) particulate contamination.

CERTIFICATION PROCESS

Following the review of the certification data for the B737 flight control system, the Team
determined that there needs to be a review of the failure analysis action items (flightcrew actions
that should be taken in response to a failure or failure scenario). Some action items are
impractical, and the methods for their implementation are unclear. One of the reasons for
accepting some failure analysis is that there is an action item that alleviates the hazard of tie
failure. Section 13.b. provides an example of this issue and discusses the rationale for the
following recommendation:

The CDR Team recommends that TSS:

RECOMMENDATION -5

RECOMMENDATION -6 I
1’ q

1, i
]lRECOMMENDATION -7 II

develop and provide additional guidance in AC 1309-lA
confirming that transport category airplane failure analysis
action items are required flightcrew procedures in response
to the failure condition,

require the action items be practical and

establish process in cooperation with AFS to require
flightcrew action items be implemented or require revision
of failure analysis to not require action item.
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DESIGN ISSUES

The Team found through familiarization with desi~ review of the certification dataj and the
experience in the “M Cab simulator exercise that in the event of a lldl aileron jam, the aileron
transfer mechanism force level, as would be exhibited in the airplane, substantially exceeds the
temporary and prolonged force limits of FAR $25.143, Consequently, there is no assurance of
continued safe flight and landing in the event of an aileron jam when deflected at greater than
neutral. Section 5.b. discusses the basis for assuming the jam of the aileron at its full deflection
in support of the following recommendation:

Team recommends that SACO:

IIRECOMMENDATION -8 II
review the adequaey of the B737 aileron transfer
mechanism throughout the airplane operating envelope
in the event of a sustained jam of the ai!erons up to their
limit deflection. Pilot s~ and strength requirements
should be consistent with the results of
RECOMMENDATION -2. Control margins from this
condition should be sufficient to allow continued safe
flight and Ianding, including necessary maneuvers such
as a crosswind landing or go-around.

As presented in Section 9 and 10, there are potential single failures and combinations of latent
and single failures that can cause a hardover or jam of the rudder at its limit deffection. The
alternate means of directional control in the event of these failures is the lateml control system.

CDR Team recommends that SACO:

I RECOMMENDATION -9 [
ensure that the capability of the B737 lateral control
system to provide adequate directional control is clearly
demonstrated throughout the airplane operating
envelope after these failures, unless they are shown to
be extremeiy improbable by the most rigorous
methodology available.

NOTE: The faihsre analysis criteria presented in the June, 1994, Cr&.cia
Dmmsent for Failure AsswituuU of Thrust Rwxssm oss the Eushng

. .

oiet eet is one example of “rigorous” probability analysis
methodology, particularly regarding latent failurea.
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There are a number of vital, lateral control system components, including major elements of the
two main hydraulic systems and the st+ndby hydmulic system, irIthe main wheel well. Wtiough .
there have been tests showing limited or no damage to vital components* a result of tire burst
there appears to be no attempt to protect these components from environmental debris. The
wheel failure event identified in Section 7.b. was a wheel based on TSO-C26, prior,to revision C.
A subsequent TSO revision, TSO-C26 Rev. C, results in a wheel of higher integrity. Section 7.b.
provides further rationale for tie following recommendation:

The CDR Team recommends that SACO:

RECOMMENDATION -10

llRECOMMENDATION -11 II

determine the requirement for and the feasibility of
incorporating additional means to protect these components
in the main wheel well of the B737 from the effects of
environmental debris and

ensure the incorporation of wheels based on TSO-C26 Rev.
C or later revision.

The yaw damper mod piston and internal summing linkage is a vital part of the control of the
main rudder PCU semo valve, By desigm the internals umming linkage is redundant and
combines the mod piston motion with the follow-up linkage motion so that rudder displacement
produced is limited to three degrees. However, failure modes in these elements that would cause
the main servo valve to be held open would result in a rudder hardover. The CDR Team believes
that all the failure modes of this mechanism have not been fully examined. Section 9 provides
fim.her discussion of this subject.

The CDR Team recommends that SACO:

I 1
RECOMMENDATION -12

lRECOMMENDATION -13 I
1’ q

require failure analysis of the B737 yaw damper identified
components and any relevant tests be conducted to identify
all failure modes, malfunctions and potential jam
conditions of these vital elements and

require corrective action(s) for those failure modes or
malfunctions not shown to be extremely improbable.



Yaw darnper malfunctions have an unsatisfactory rate of occurrences (failures occurring in
the transfer valve, linear variable differential trsnsforrner, yaw damper coupler, etc.).
Section 7 (Honeywell visit) and Section 9, paragraph b. and Table 2, provide information
on number and kinds of failures of the yaw damper and concern regarding its reliability.

The CDR Team recommends that SACO:

require appropriate action be taken to reduce the number
RECOMMENDATION -14 of B737 yaw damper fatiure occurrences to an acceptable

level.

The standby rudder rotary input crank has experienced galling of the journal bearing. An
attempt was made to eliminate the condition but it continues to persist although to a lesser
degree. The standby rudder PCU input linkage and/or internal components have been
identified as potential initiating causes for an uncommanded rudder deflection. Section 9.
provides further information regsrding concern for this issue.

The CDR Team recommends that SACO:

RECOMMENDATION -15
require appropriate action be taken to correct the
referenced galling condition of the standby rudder on the
B737.



CONTINUED OPERATIONAL SAFETY ISSUES

The Team believes that continued operational safety is an important extension of the certification
process. Wkhin the scope of operational safety, there area number of considerations, i.e.,
adequacy of the maintenance tasks and associated intervals, incorporation of relevant Service
BuIletins and Service Letters and the sufficiency of the training and awareness of the flightcrews
regarding need for prompt and correct response to failures and flight path upset conditions.

As a condition for the continued suitability of the flight control system and its alternate flight
control capabilities, certain inspection and checking requiremerms should be reviewed, revise~
and controlled to ensure the integrity of tie flight control system. Sections 11. and 13.a provide
the rationale for the following recommendation:

The CDR Team recommends that SACO, in conjunction with AFS:

RECOMMENDATION -16

RECOMMENDATION -17

review and revisq as appropriate, the B737 inspection
tasks associated with the latent failures identiled in
Tables 3 and 4 in Section 10. in accordance with MSG-3
and

require the identified latent failures have fued interval
inspection frequencies as provided by AC’s 25,1309-lA
and 25-19. Consideration should be given to interval
ranges flexible enough to allow normal inspection
schedules.
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The Iatent failures identified in Tables 3 and 4 in Seetion 10 were reviewed regarding suitability
of inspection tasks and intervals. Some of the items, because of their criticality, were evaluated
by th~.Tearn in some detail and were determined, by snalysis, to have exc-essi~einspection
intervals as provided by the cument MPD ador inadequate required inspection tasks.

The CDR Team recommends that SACO, in conjunction with AFS:

RECOMMENDATION -18
revise the B737 MRB/lWPD inspection task description
and internal for the foUowing latent failures-

LATENT FAILURE RECOMMENDED TASKS
INSPECTION INTERVAL

AILERON TR4NSFER ~lc OPERATIONAL CHECK
MECHANISM

~ 3C MEASURE FORCES AT
WHEEL

AILERON SPRING SIC OPERATIONAL CHECK
CARTRIDGE CONDUCTED WITH THE

TR4NSFER MECHANISM
INSPECTION

STANDBY HYDRAULIC 51A OPERATIONAL CHECK
SYSTEM INCLUDING
RUDDER FUNCTION

The “M” CAB flight simulator exercises identified that prompt pilot recognition and correct
response were essential to successful rccove~ from sev&al fii~t contiol-malfunctions. Section
8, Appendix 3 of this documen~ and NTSB recommen&tion A-73-0731074 in Appendix 8,
provide further rationale for the following recornmendatiom

The CDR Team recommends AFS, in coordination with SACO:

RECOMMENDATION -19
revise B737 flightcrew training programs to ensure the
use of the proper procedures for recovery from flight path
upsets and fightcrew awareness regarding the loss of
airplane performance due to a tlight control system
malfunctions. Consideration should be given to flightcrew
action items as a consequence of the failure analysis
developed for the relevant fight control system and the
failure conditionslmalfunctions examined in Appendix 5.
(This may require Airplane Flight Manual or Operations
Manual revision.)

@
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The Team has developed an understanding of those flight control system components that are
critical to proper fi+nctionof the system. As identified in Sections 9 and 10 and NTSB Rec. Nos.
A-92-1 18/-120/-121, it is essential that the.PCUs and their internal m’rnponents used in the flight
control system perform per the design requirement. In addition the Team believes that proper
maintenance, overhaul, repair and return to semice of the PCUS and its components are critical to
maintaining a high level of reliability which is essential for the continued operational safety of
the B737 flight control system.

The CDR Team recommends that AfR-100 in conjunction with AFS:

RECOMMENDATION -20

.

RECOMl’vlENDATION -21

require that only PC or PMA approved replacement parts
be used when overhauling primary elements in the flight
control system (hydraulic servos and bypass valves)
of the B737 airplanes. Ensure replacement parts, as
provided by a non-Original Equipment Manufacturer
(OEM) or fabricated under SFAR 36 authority, that are
used when overhauling primary elements in the flight
control system have had their designs approved and
processed through the ACO that orifially approved the
OEM parts. This means that the replacement part will
have undergone qualification in terms of design (material,
heat treat dimensions, tolerances, geometric controls,
etc.), analysis, and tests (qualification and acceptance)
equivalent to the OEM ceti]ed part. An analysis is
necessary to verifi that the replacement part will mate
properly with the next assembly under all design
tolerance conditions.

require any issuance of PMA for primary flight control
semo and by-pass valves be concurred with by the Aircraft
Certification Office which certitled the original parts or
assembly.

The CDR Team recommends that AFS in conjunction with SACO:

form a team composed of a systems engineer,
RECOMMENDATION -22 manufacturing inspector and an airworthiness

maintenance inspector, to assess the repair procedures,
process and tooling used in every repair station approved
by the FAA to overhaul B737 PCUS and its components.
In addition this team should also reassess aU B737 PCU
PMAs and SFAR 36 data (design, manufacturing and
fabrication) approvals for adequacy in consideration of
Recommendations -20 and -21.
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A review of the service history regarding aileron and rudder cable failures or incidents where the
cables were found to be fi-ayedor damag~ indicates that some corrective action should be
initiated. NTSB Rec. A-94-0641-065J-066,Boeing In-Service Activities Report # 88-06 and 17 “
SDRS identified a number of occurrences where cables have failed or were replaced because of
corrosioq ,wear, chaffiig or twisting. The FAA is currently reviewing all cases of cable failure
for selected airplanes including the B737. The CDR Team has also identified in Table 1 and 2
those cases where there was concern regsrdiig the continuing integrity of a flight ccmtxolcable.

The CDR Team recommends SACO in coordination with AJ?S:

evaluate the adequacy of the B737 maintenance manual
RECOMMENDATION -23 actions addressing flight control cable inspection; rigging

procedures and replacement criteria and .

llWCOhfMENDATION -2411
require control cable ses+ce life limits unless acceptable
inspection and/or test procedures are developed and
utilized that can determine the continuing serviceability of
the control cables.

?
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In the process of deiining ftilures in the lateral and directional flight control systerq a number of
Service Bulletins (SBS) and Sewice Letters (SLS)were reviewed (Appendix 4). Tables 1
through 4 of Sections 9 and 10 reference SBSand SLSrelated to the ftihue conditioru. In
particukw, some were determined as pertinent to continued operational safety. The CDR Team
believes the following selected SBSand SLS are rdevant and consistent with the preceding
recommendations. It is understood that in a number of cases these SBSand SLSmay have been
already incorporated at the option of the operator. It is believed that a greater degree of
assurance is necess~ regarding their incorporation.

The CDR Team recommends SACO:

RECOMMENDATION -25
determine the degree of incorporation of the following list
of Service Bulletins (includes In-Service Activities Report)
in the B737 fleet and, in consideration of the
recommendations in Section 15, reassess their safety
impact and, as appropriate, require their incorporation on
applicable Models of the B737.

BULLETIN # TITLE DATE

B737-27- 1060 Rudder Pressure Reducer and Relief Valve 3 Ott- 1972
Inspection/Removal

B737-27-1033 Improvement of Lateral Control Transfer Mechanism 13 Feb. 1970

B737-27-108I Inspection of Ground Spoiler Shutoff Valve Control 10 Dec. 1976
Cable Assembly

B737-27-1 125 Flight Coneols, Cable Guard MocMication(Pitch) 8 Mar. 1985

B737-27-1134 Flight Controls, Aileron Centering and Trim 11 Jul. 1986
Mechanism Modification

B737-27-1152 Flight Controls, Aileron Trim Bmcket Replacement 12May 1988, Rev
2,22 Dec. 1988.

B737-27-1154 Flight Controls, Aileron Pulley Bracket 25 Aug. 1988
Inspection/Replacement

B737-27-1155 Flight Controls, &leron Centering Spring and Trim 26 Oct. 1989
Mechanism M~fication

B737-29- 1062 Hydraulic Power, Main and Auxiliary, Standby and 14 Feb. 1991
Ground Service Presswe Filter Modification

B737 IN-SERWCE ACTmTIES REPORT

Report No. Rudder Power Contxol Unit (PCU) Yaw Darnper 24 Feb. 1995

95-04-2725-10 Solenoid Valve configuration for use on Rudder PCU
Spec. No. 10-60881-8,-13



The CDR Team recommends SACO in conjunction with AFS:

RECOMMENDATION -26
determine the degree of incorporation of the following list
of Service Letters in the B737 fleet and, in consideration
of the recommendations in Section 15., reassess their safety
impact and, as appropriate, require their incorporation on
applicable Models of the B737.

LETTER # TITLE DATE

737-SL-27-16 Rudder Trim Contiol Actuator Lubrication 25 Aug. 1980
! I

B737-SL-27-24 Rudder Centering Unit Lubrication {28 Jun. 1983
/

B737-SL-27-30 Aileron/Elevator and Rudder Power Control Unit 1 Apr. 1985
Cylinder Bore Rework

B737-SL-27-57 Rudder Feel and Centering Unit Lubrication 5 Dec. 1989 I
I

B737-SL-27-71- AilerodElevator PCU F1OWRestrictor Filter Screen 19 Jun. 1992
A Contiation

The Team has able identified a number of recommendations that it believes will improve the
overall reliability and enhance the safety of the B737 flight control systems. It was unable,
though to conclusively link failure mode of the flight control system to available accident
investigation data from either the B737 Colorado Springs or Pittsburgh accidents. The Team
feels that the investigation as to the cause of both of these accidents should continue. Through
the critical design review effo~ the FAA took a flesh look at the B737 flight control design and
certification and believes there is merit in taking a similar fresh look at all of the data gathered on
both accidents. Combining a flesh look at the accident along with the data learned from the CDR,
could shed new light on the cause of these accidents.

The FAA should:

RECOMMENDATION -27

\

I
I

request the NTSB form a special accident investigation team to
begin a new combined investigation of both the B737 Colorado
Springs and the Pittsburgh accidents. The accident
investigation team should include an FAA representative from
the CDR team and the NTSB aviation safety investigator that
worked with the CDR team. This will ensure that all of the
data from the CDR is avaiIable for review by the accident
investigation team. It is further recommended that NTSB
personnel on the team not be from the original accident
investigation teams an”d,that the NTSB incIude at least two
accident investigators (one each - airplane systems and flight
operation) from another competent aviation authority of the
world who has experience with B737 airplane.

[4W)
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APPENDIX 1
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Boeing 737. Flight Control System ‘“.,,
Critical Design Review Team Charter

. .

‘. -

Background and Discussion

The USAIR 737 aocident near Pittsburghand the United737 a@dent near
ColoradoSprings have raised questions aboutthe flightcontrolsystem on the
S737. Despite repeated reviews“andanalysis of the design, the question of

whether somethinghas been overlookedstillpersists. In an effoft to answer this
question,the FAA TransportAirplaneDirectorateis organizinga CritioalDesign
Rev”w (CDR) of the Boeing 737 fight controlsystems. The Team oonduotingthis
reviewwill oonsistof membersfrom FAA officesnot intimate&”involvedwith the
B737, the National TransportationSafety Boardand othergovernment
organizationsand airworthinessauthorities. The Team W-IIexamine the
assumptionsof pre~ous reviewsand develop new analysis as needed to
thoroughlyexamine all aspectsof the controlsystemsas describedin the Team
Objectivesbelow. The overallTeam objectiveis to confirmthe oontinued
operationalsafety of the Boeing737 or, if deficienciesare found in the design of “
the B737, make recommendationson the oourseof actionthat will mrrect those
deficiencies.

Team Objectives

1. The Team, in coordinationwith Boeingengineers and other

sourcesof informationand guidance,W developan airplane level” “
‘hazard analysisof the fliiht oontrolsystemsof the 737 aiplane..
Fudher, the analysi shouldidentifyaIl cstastrophioand major
hazard events, consideringAdv.kotyCircular(AC) 1309-1~ whiti
t@d occuras a resultof failureor malfunctionof any single, or,
combinationof, 737 fliiht oontrolsystempart(s),sensor(s),power
suppliesor related crew display(s). In developingthis analysis, the
Team should assumethe worstcase reaotionof the orewto any
malfunction. It shouldspeoifcatlyiden~ all @ssible events that

@
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Coukdle.adtoanuiwomina nd&d~ht path upsetdue to fliiht “’.
_ We a rudderhardover. This ar@@ s~m~ a~unt for
and include the.dfirences between the various737 mde~ and
likely~intenano+induoed faifuressuohes; corpsion, ~PWer -
oonneotionof mechanicallinkages,*.” . .

,.. .,
.. ..

2. Using~“~alysis from objedve 1, the T&m, in coordination
with Boeingenginem, wit identHyevery set of three of ~ Mliures
or maffunotionswhii wwld resutt“mone of the events .klentifiedin
objective 1. lb Team wii qualiitively rank the probatiMy of each
set of fdluras or mdfunotionsdeveloped. The rankingshouldbe “
rank orderedstartingwith singlefailures. ~

3. The Team willdevelop a Iiit of reoommendqd737 systems
desgn ohanges. The Team will also reoommendthe methodby -
which these changesshouldbe implemented,i.e., Airworthiness -
Directiie action,servicebulletin,future manufactured airplanes, etc.

Team Products ~

The Team willproducea repml which includesa sectionfor each
objectivein thischarter. The repod shoulddocument the Team’s
activities,the assumptionsused by the Team in accomplishingeach
objectiveand a descriptionof the resultsof the Team’s work under
eati objective. The repml should be suchthat a reader of the

.“

repod can gain a basicunderstandingof the workingsand Opemtion
of 7.37flightcontrolsystems. The Team W also prepaw,an
exeoutivebriefingpackage wtidI wittoontah an ExecutiveSummary
and slides (hard mpies), which dasotibethe Team’s methodology,
results,conclusionsand recommendations.“me reportwillbe
submittedto the Manager, Transpod Airplane Directorate. This will
indude a short b~fing.

-.

Other Factors/Considerations

TheTeam willmeet at the Boeing faalii in the Puget Sound -. “
(Seattie/Reflton) area. Boeing has agreed to provide officespace , ,,-
and engine@ng resourcestbr the Team. - , . . . .

,.. ,

The Team will amangetheir own schedulesfor the effofi i.e.,
returningto theirhomes on weekends, etc.



.
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“TINsTM has completeflexibilii in how hey approa-ti the taslc
p@dedtheobjec%ves aremet

,. ,.

Team Members -“ ‘ .
. .

Mambefawna Organlzstion .: . Telex ~~

l. MiizieEnaM ‘ FM-Team bader m 227-2279

2Tom DonrKq FM 817-222-5188 .“-””

3. Ron FM FM 817-22X132 ~~
.- ,.

4. Danko Kmlaf FM 51&7Q1-6428

5. Peter kkOemdt - UBAF 303-34W641

8. Tofnuepirla Tmaport Canda 6044M-6122

- 7. Christina Dawson FAA - Flight Standarda 20&227-281 9

8. R~tatie Nl%iB . .

● Werner Kooh ofthe FM replaced DankoKramarmid+vaythrough(ha CIX effort

Schedule

The Team is empoweredto “kstablishtheir own schedulefor
completingthe task and advisingthe Manager, TransportAirplane
Directorate, of theirproposed schedule. Periodic progress repds
will be provided on a hi-weekly basis.

(sgned October 20, 1964)

RonaldT. Wojnar, Manager, FAA TransportAh@aneDireotomte
. .
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. APPENDIx 2= .

,- @R TEAM BIOGRAPHIES

Christim LDaWSOII-@beenemployedis h Aviation Safe& -r for the FM Seattle Flight ,
Stan&r& District ~-” since 1984. Her ~iities include the certification and sumeillanee of
FAR Part 65 Airmen, Part 145 Repair Stations and Part 135/121 Air Caniexs. Ms. Dawson is also

.reapnsible fm main~ program approvals ad ~eillame for a wide variety of akraft including
DC-34 CV-3401Q F-27% BA146, B-727, B-737&d DC-9a. She is currently assigned as Principal
Avionics hspector to AIaska Airti a FAR Part 121 Air Carrier operadng a fleet of B737-200/403
aircmft and De-9-82/83 aircraR

Mm to being employed by the FA& Ms. &wson was employed as ~ er@n&ring pl~er ~d lead

_ W* WCO, Inc., a FAR Part 145 Repair Station. She is a @@e of South Se.attk
Community College, and holds degrees in Associate of Arts and Associate of Applied Science
Aeronautical TcdmoIogy.

Thomas S. DonnelIy has held tie position of Airc&t Certification Engineer with the FAA Aircraft
Certification Office in FL Wo~ Texas, since 1988. During this time, &“has send a Team member of
projects involving Trat%c Alert and ti~sion Avoidance Systems, predictive Wtidshear Warning
S- Chinese Bilateral Approval of the Y-12 airplane, agd ~ Navigation and Communications.
Prior to his employment with the FM Mr. Domelly was an independent engineering wmsultant and wss
involved with the design of autopilots and yaw dampers, the investigation of Grumman A-6 aczidents
resulting bm latent failures, the flight readiness review of the Orurnrnan X-29 digital flight conkl
system and analysis of at%cts of Electromagnetic Pulse (EMF) and High Intensity Radio Magnetic
Fields (HIRF) on flight controls.

Mr. Domelly was also employed as a systems design engineer on the F-1 17 stealth fighter for Lockheed
for three years, and served as a Chief Systems Engineer for the Gnmunan Arnericau Aviation company
for ten years. He is a eertificatkd single and muhiengine pilot with over 5,000 hours of flight time logged.
Mr. Donnelly is a graduate of Tri State University, Indiu wi~ a Bachelor of Science degree in
Ektrical Engineering.

.

Ronald L Ftier has been employed as Flight.Test Pdot for the FAA since 1983. From 1983 until 1985,
he was involved in flight tests and wstems aspects of the MD-83 and installation of the Honeywell
Performance Management System oh the B737 and B727 aircraft at the Long Beaeh +ircraft Certifi40n
Oflk. In 1985, Mr. Ffler moved to the Ft Worth ACO where he was assigned as the project pilot on a
DC-8-71/73 autopilot edi&ation program and a B727/RR re+mgining p~gram. He ako specified the . “’
eritena for a new Stall Avoidariec System (SAS) fix the Fairchild Metro ah-plane, ~d @cip@d in an
&raft accident investigation of a Fairchild Metro in 1988. He is currendy responsible for the various
models of the Fairchild Metro tit the Ft. Worth ACO. .

previous to his employment with the FAA, Mr. Filler has held positions as a flight test pilot for the Piper
Aircraft (kporatio~ a mechanical and hydraulics& engineer for the Bell Helicopter Company, a
dynamics engineer fbr General l)ynami~ and a line pilot for Braniff International airliie. He has logged

(53
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Wcmer G. Ktikkm A~M_~S__bb FM FL Wofi&be .
&ti.6&di0n Of5=aince 1990. He is currqidy~ile fw reviewing awl approvingairplane
~d~~~p~~~~m~oti~~for~~~qa -
sndauppknentalt ypecertificates. Rior@hisqIo~ti &FA&Mr. Kochworkedinthe
“HydraulicIksQ.n Group at Bel.lHelicup@Texiron fix17y~. During lhistirne,he assisted in the “
design and modMcation of newkisting helicopter hyddic ayste~ preparedhydraulicvstems
qecMmtioIs and supemkd the Oroup during the deve!opmmt and product support Am for the Bell .” “”
Model 400 helicopter and V-22 tilt-rotor ahuafL

Mr. Koch was ako employed as a desi~ laboratory and flight test engineer of hydraulic systems for LTV
and E-Systems tim 1%1 to 1972. He holds a Bachelor of Science degrees in Mechanical Engincaing “
from the University of Texas, and a Masters of Science De~ in Mechm.ical Engineering from the
University of SoutiIern California.

Danko Kramar has been employed a medsniwd systems and equipmeat e- at the FAA New York
Aircmft Certification 0i15ce since 1990. During this time, he has been responsible for the -cation
and regulatmy activities associated with aircrafl mechanical systems and equipmenL Team member on the
(US/_ US/Russia and the US/China) bdateral assessment program as a mechanicalhydraulic
systems and equipment specialists. He is presently assisting the Wichita Aimraft Certification Office in
the certification of the Cessna Citation 10 powered flight conti~s and hydraulic systems.

Prior to his employment with the FA& Mr. Kramar was employed by Gnlmman Airc&fl systems
Division in the powered flight cbntrols and hydraulics group. During this time he was responsible for the
system mncept analysis, desigq and component selection for the power generation (mechanical,
hydraulic and pneumatic) and trammss“ ion to variou.i subqstems. Mr. Kmrnm holds a bachelors degree -
of mechanical engineering fkomPratt Institute.

Tom Liepins has been employed as an Ahvorth&ss kpector for Transport Canada for the last 10
years. He is the Print@ Airworthiness Insp@or for a q-or Canadian operator of the B737. He is ,
thoroughly familii with the requirements for large air carrier maintenance and quality wuramx. Mr.
Liepins has participated in numerous Tmnsport Canada audita of air carriera and was a Team member in
theii f~ tion and Type Approval of the B747400. He has also rqresented Trarkport Canada at .
B747400 Maintenance Review Board meetings. Prior to joining Transport Cam& Mr. Licpins was ‘

. employed as an aircraft mechanic for an operator of the B737, B747 and DC-10 airpkms, and he
completed maintenance type comes on these akmft.

Mr. Liepins is the holder of a Tmnspcxt Canada Aircmft Maintenamx Engineer’s Liomse and has
completed additionalaircrdi maintenance tmining in the areas of structures nondestructive impectiorL

.
.-7w



.:

,..

.-

andearosipnpreventiom He is agmduate ofawyear Aimraft Maintenance and Ati~=~at
Southern Alberta Institute of Technology. -

. .

Peter McDermott is a fidl-tirne technician’chief hkter Sergeant in the COlo~o &r NationaI Guard.
He aerw as the MaintenanceSuperintendentfix the 20CIfilifk Squadron which operates the T43, the
miiitq version of the Boeing 737. He is mspomd%lefm the logistics contract currently held by the
Boeing Company, and the rnaiq@ance contract f& the h National Guard C-26 (SA-227). He recently
completed a re-vwite of the Air Fou maintenance planning documemtfor the T-43. During these
activities he represents the Air Force and Air National Guard He also attends all maintenance and
-g confer=-= which are sponmed by the Boeii Company. Chief Master Sergeant McDermott
has atotalof 26 yearsexpriencein theaircmftmaintenancefiel& thelast12 of which have been
aswckkd with the T-43. His experience includes maintai&g various -aircdl such as the I&xii C-97,
DeHavillrmd C-7, Doughs C-47, Convair T-29/C-131, Cessna O-2,Voight A-7 and Boeing T+3. He also
has over 2,500 hours as a FIight Engineer, awrued iu the C-7, C-47 and T43. His dutiei have included
general aimraft mechanic and Quality Assurance In@ator.

Michael Zielinski is aProject Engineer for the FAA Trausport Airplaae Directorate. He has held a
variety of positions within the FM since 1983, including aircraft certificatioiI in which he developed a
number of Advisory Circuks e.g., ETOP, Crew Workload, and Flight Manual standardization. He joined
the Flight Standards Semite as manager of the Long Beack Ca and Seattle, WA. Aircraft Evaluation
Groups (AEG), and developed the strategy for the reorganization of the AEG. He also led the
development of the FAA and NTSB’SBloodbome Pathogen Training Program for accident investigation
personnel. He then returned to the &craft cefication seMce as project officer involved in the
standardization of transport aircmft ccrtiiication efforts of a number of Akcraft Certification Offices.b

From 1965 to 1983, Mr. Zieli.r& was employed at the Boeiibrnpany. During this time, he
participated in the certification of the B737, B747, and B727-200 Advanced airplanes as a flight test
Designated Engineering Representative (DER). He was also a noise certification airplane pefiormance
lead engineer for then current Boeii models, including the R&D effort in the development of the B727-
300. He then joined Boeiig Opemtions Engineering, created an airplane pefiormanczkommunity noise
ecmrse,taught &plane dispatch wurse and was the engineering representative for 10 airlines, including
both foreign and domestic caniers. He holds a Bachelor of Aeronautical Engineering Degree fim the
University of Detroit (Detroit - Mercy) and did IMStgraduate wodc at the University of Washington.

.-
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APPENDti 3

: B737 FLIGHT CONTROL SYSTEMS D~-ON

. . .

a General Hydraulic system: ~ B737 a&ks &pkc ~rpok tkg functionally
bdepemkt hydrauhc systems which operate at appro@rnately 3,000 poundspa square-~ (psi)

~ ~-=~dup’A”-%:dti’S-~W- =chsystem
bSitSOWliDd-UltRSCWOir. Thehy-Cfltid~ ~d_k BNf.S3-11. ~tbree
~km~ti4$50 @by~-bld&*c @~ti~a@tive flow
of fluid to the pump SllCtiO1l.In the B737-]oo/-2oo A= ~ bl~ h k q@ied by the 13th
ahpreswr stage of both engines and is routed to_ “A” ~oir. Balance lines then intercomcct
tihw*~o~do~ti Mtib~mti45-50@_. IntAe B737-
300/400/-500 Scri+ the pneumadc system distrii air fim the right and”leftpneumatic ihcts
(allowing hydraulic pump operation with APU power) to both systems ‘A” and “B” reservoirs. The
standby resewoir is then pmsaurbd through the balance line flom the “B” ~oir. Although both
systems “A” and “B” normally provide hydraulic power fm the flight controls, either system alone will
power the flight antrols. The ailerons and elevators can also be operated manually, without hydraulic
power. Powered rudder control can also be obtained tim the “standby” hydraulic system The capacities
of the hydraulic pumps in the system are such that the operation of any one of the four “A” or “B” system
hydraulic pumps is capable of supplying the flight controls with sufficient pressure and flOWto Oj=St!?
them without apparent degradation of authority under normal demands. Available rate and force
capabiity wot#4 however, be limited with respect to fidIy operable hydraulic systems (“A” and ‘%”).

.

The “A”hydrauIic system is powered by two engine-driven pumps on the B737-1OW-2OOseries aircdt.
On the -300L400\-500 series, the “A” system is powered by the lefl enginedriven pump and by a three-
phase, 11,5-VACelectric motor-driven pump that is powered by BUS No. 2, which is supplied by the right
engine. The enginedriven pumps genemte a constant output pressure at a variable flow rate of
approximately 25 gpm. The ekctxic motor-driven pumps are, also, constant output presmre units, with a -
maximum flow rate of 6 gpm. The system is equipped with pressure and return-line filters that are rated
at 15micron absolute. The case drain fluid lines are protided with 25 micron absoluie filtem. On the
B737-1OOL2OO,the “A”system provides power for the inboard bakes, inlxmrd flight spoil% ground
spoilq ailerons, elevators, rudder, trailing edge flaps, leading edge devices, l@ing gear, nose wheel

m, ad W rove=. on ~ -300/433/-500 sexk system “A” supplies power for the ailerons,
redder, left thrust reverser, elevator, inboard flight spoil= alternate brakes, ground spoilers, autopilot
‘N Ianding gear, normal nose-wheel akering, and pmver-tmnsfer uniL in the event of a pressure loss
hm the system “B” enginedriven pump. . . .

The ‘B” hydratic system is powered by two electric motordriven pumps on the B737-100/-26I3 series.
On the-300/-400/-500 sui~ the “B- system is supplied by the right enginedrivcn pump and by a three-
- 115-VAC electric motor-driven pump pwcred by BUS NO 1, @ich is supplied by the’le+hand ~.

_ ~ hy~~c SystemPUMP*gs ~ b fitid fihtion arethesameasdesorii abovefor
System“A” On the B737-100/-2OO,the “B” system provides power for tie outboard brakes, outboard
flight a@Iers, ailero~ elevators, rudder, yaw damper, a@opilot “B” and the ado brakes. On the grOUIMl
“B”systemcan also beusedtopresmize” A“ sy~m through the interconnect wdve on the B737-1 00/- .
200. On the B737-300/40W-500, the using units are the ailerons, rudder, right thrust reverser, leading
edge flaps and slats, auto slats, elevator, outboard flight spders, normal brakes, yaw damper, autopilot
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w;milingedgeflaps,andahehatenosewheels-i.rlg(iiinstalied). Systeminl-fehai.liblc(
fwabnate landinggear cxtgqion in the event of a loss of engine No. L

The “StaodbY”hydn+ic system (ail B737 models) ~vides an alternate source of hydraulic power to
o@ti*, @@ bl**e@d s*tim*hti-w~. ltis
powered by at.hr=p~ 115-VAC dbC ll%tO@iVm pump. ~ motor is no-y ~~~ by
BUS NO. 1, and alternately, by BUS NO. 2. The pump provides a constant output ~ of 3,000 psi
atamaximum flowof4gpm. ~efltid~ti& fati_y~~kti -em forti”A” Wd .
m“aystemsexaqlttha tnodedicatedm turnfilterispsovided.

Two flight control hydraulic m6dules (one each for “A” and “B” hytic systems) are installed. Each
hydraulic iaodule is a manWoldassembly containing a spoiler shutoff valve, flight edrols shutoff valve,
low ~’ warn@ switc~ and compemator cartridge. The compensator cartridge maintains return
fluid tlom the ailemL rudder, and elevator power control units after hydraulic system shutdown This “
fluid is used to compensate for volume changei in the hydraulic sy~ due to ~ changes or,
fluid loss. Motor opemted shutoff valves within the module are commanded ta their operating positions
by the flight control system switches in the cockpk

Control and indication of the “A”, “B” and “Standby” hydraulic systems nccessay for airplane operation
are provided in the cockpk “Amand “B” hydraulic system pressure and reservoir quantity are indicated
on gages located on the first officers panel (ISISdisplay on some 737-300,40,-500 models). ‘l%e
pumps in the “A”, “B”, and “standby” hydraulic systems arc controlled and indicated by switches and
lights loud on the fonvard overhead panel. Ea6h pump in the “A” and ‘B” system has its own ordoff
swi~h and amber low pressure light. Indication of”A” or ‘B” system electric motor pump overheat is
provided by amber overheat lights.

The “standby” system hydraulic system pump is activated by arming alternate flaps or by selecting either
“A” or “B” flight control switch to the Standby rudder (STBY RUD) position. on 737-3@&W ~d -
500 airplanes, the pump can also be activated by auto-standby circuitIY ~A” or %“ flight control pressure
low, flaps not up, and airplane in& or wheel speed> 60 kts). Low %kandby” pump pressure and low .
reservoir quantity rue indicated by amber lights.

,,

The master caution systc% on the glare shiel~ provides eye l~el indication to the pilots that a hydraulic
light on the overhead panel has illuminated. Master caution remains illumkated until either the master
caution iight is depressed or the cause is corrected

.

h. Lateral Control System: Lateral control is provided by’an aileron&d two flight spoilers on
each wing. ‘flkse ccmtrols are operated by either control wheel in the mkpk l%e pilot’s and copilot’s
control wheels are connected by cables to an aileron control quadrant which operates the aileron ”power
control units (’PCUS)through a mechanical linkage. l%e PCUs move the ailerons directly and also
command the spoiiers through the spoiler mixer. . .
(1) l%e base of the copilot’s control column is kquipped with a Syyem which aIlows normal control ..” “
wheel motion to be transmitt@ through the left aileron body cables only. If a nialt%nction occum that
jams the aileron control systcq lateral control is accomplished by operatiug the flight spoilers with the
right aileron cables controlled tlom the copilot’s control column. Control wheel movement of more than
12 degrees left or right is required to operate the spoilers through the aileron tmnsfcr mechanism.
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Q) Aspoilermixer;mbines lateral input fiornthe aileron -,withs@* l* Position to
allow the flight spoilem to augnymt lateral Cuntml while Simukmemwly beii 4 = @ -. The’
~ti~tititi tiom=atio*= *&tititio* mti~flm~mfora@vti
magnitude ofinputflom the aileron- depedngonspedbrake Iever’setthg. The Outputdeacaes
asapeedtmlkes areraiscd. ‘. .,

G) An ~~~.* **C (pogo) pr&ides the mec.hmical input caihedion be~een the aileron
p~w*ltiGdti ~tia@Wtiti *ti~*~ti@ti~dan@l@

(4) ~d-n~smti~nktti@ ~a-ti_”A”dbefimm*ti

SYS@ ~.” Ei* @ is @le of pvi~ fuU defl~on * con~l ~ ~~ * ~d ~ted
by 112.thefoa capabiity in the ‘Wowdown”,airsped regime.

(5) T~” flibt spoil~ on each wing operate in cxmjunetion with the ailero~. ‘l’heoutboard flidt
spoilers are operated by hydraulic system “B” while the inboard fight spoilers arc ox by SYstem
“A” All four flight spoilers also may be operated together to -c as aerodynamic@ w=.
Aerodynamic forces limit panel extension within appropriate limi~ for the airplanes structural desigm
Two (three on the -300/-4W-5OO) ground spoilers are also located on each wing to provi& aerodynamic
drag for ground operation only. The ground spoilers are protected fi-omairborne operation by a ground
spoiler bypass valve connected to the right main landing gear. The ground spoilers are powered by
hydraulic system “A.” Each spoiler has its own hydraulic actuator, and there is no manual reversion
lxekup capbility.

(6) Ifhydr@c Pow=.is 10sttoboth “A” and “B” ‘kystems,lateral COritrOlis provided by manual
reversion. In this mode, the pilot’s inputs are transmitted mechanically through the’PCUS and the’aikrcm
emtrol cables to the ailerons. Movement of the ailerons is aided aerodynamically by aileron balance tabs
and panels. The spoilers are inactive in this mode because there is no hydraulic power to their actuators.

“(7) Aileron trim is provided by a mechanical actuator which repositions the aileron cente~g mechanism
on the B737-100/-2OO. On the B737-300/-4OO/-5~ this actuator is electrically operated.

c Longitudinal Control System: Ik B737’s eleva!ors arepowered by two independent
hydraulic PCUS. One PCU is powered by hydraulic system “A” and the other is powered by hydraulic
system “B”. Either unit can independently provide full deflection pitch control with reduced rate and
force authority. Pilot input to the elevator pwer mntml unit is fiwmthe control column through a dual
cable system and a torque tube that is connected to both elevators. WW either hydraulic system off, the
elevator control system unlccks an aerodynamic tab for that system on the -100/-200. On the -300/400/- -
5(KIthe tab is active all the time. With both hydraulic systems OK the elevator control wstem
automatically reverts to direct manual opemtion assisted by the elevator tabs and balance panels.

(1) A hydraulic “feel” system provides Con&l column forces proportional to airsped
(differential pressure). The mecly=miealfeel and centering unit receives inputs fkbm the stabilizer psition
and ffom a Mach trim actuator to provide eenter+f-gravity input and sped stabiity at higher Mach
numbers.

(2) T.mngitudinal~ is provided by a movable horizontal stabii, which is opera@ by a “ “
single dual load-path balkcrew. Power for the ballscmw wmc-s from three sources: the main electric trim
motor, the autopilot trim motor, and the manual trim system. Manual stabilii trim control wheels axe
located in the cockpit and mnnect through a Ale ~stem to the stab~.

. .
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.. . . & Di.iectiond control Sykrn; ‘kI’@iOtlld‘conlmlof the airpl&c is ~vided by alder pedals
* through ahydraulicallypvuedsin glesurtkeruddeiwit hout~tab. Amdder~i.a cormecteddirectly

. titi&, kp&byhytic _”An~%; do-h~a MM-~
-e. Rtid~_~~k~~~a_~r, ti&fipti~ti”_y”
hydraulic system Any single hydraulic system pomr aouroe will provide fidl deflt=tion rudder control at
sdd-d-~lnfox- rntiwow”am”-aa m-k
ztiybyhyticp=,~b~-dm~w-~. kfkclandcduing
ma*~tid6mfiti f~lf~@@~ti W_dk1&ti**&e
trimmedposition whennof-is applied attipedala. Atncutralthe ruddexbreakout_is _
pounds and the force kreases with pedal deflection to sixty+@ pounds at Ml rudder pedal travel.
Trim commands cause the trim actuator to extend/retmct which in turn causes rotation of the f=l and
oentering mechauisrn. Rotation of the medumism provides anew zero force rudder pedal pwition
comeq)onding to the trimmed redder surface pOSitiO~

(1) l’he rudder PCU includes a dual-tandem hydraulic ac@ator within the unit. Hydraulic
system “Awprovides power to the forward section through the hydraulic system “A” flight controls
module. Hydraulic system “B” provides power to the aft section through the hydraulic system “B” flight
controls module.

(2) The standby rudder actuator normaUy is not powered. When operation is sclezted by the
- “A” or “B” flight control switches (either switih positioned to STBY RUD), or automatically upn failure

of either “A” or “B” system on the B737-300/-400/-5OO,the.actuator is powered through the standby
hydraulic system. At least one side of the main power control unit is,not powered when the standby
actuator is powered. No more than two hydraulic systems are intended to be M to operate the rudder at
any one time.

(3) The rudder is, also, controlled by the yaw damper system. The yaw damper actuator is
integrated into the PCU and is powered by the “B” hyd@ic system. The damper operates independently
of the pilot’s control system snd does not tesult in f-k to the rudder pedals. The wmpments of the
damper system consist of the yaw damper shutoff vaIve (engage solenoid), transfer valve yaw damper
actuator (mod pisto~ yaw damper rate sensor, and associated electronic yaw damper ccmpler); The yaw
damper is limited to a maximum of 3 degrees of rudder &fIection in either @ction (2 or 4 degrees in
some earlier B737 Models). lle yaw damper is engaged by activating a solenoid that connects the “B”
system hydraulic pressure to the transfm valve. Electric current flow through one of two opposing &ii
windings within the transf~ vsdve,results in hydmulic fluid flow to position the mod pisto~ which causes
the p- rudder valve to lx dis@ced. This results in P(XJ oirtput and rudder &fkth The yaw .
damper authority is mechanically limited tilde the PCU by the mod piston stopa.

(4) Ruddw trim is mechanically controlled It is operated via cableiflom a control knob on the
aisle stand to a mechanical actuator attached to the fel and centering mechanism at the redder. On the”
B737-300/-4OO/-5OOseries, ‘tie redder &m actuator at the fed and centering mechanim is ektri~ and
control is electrical via a switch on the cdqit pe@tsl. Trim input is obtained by repositioning the f=l -
and centering uni~ and thus, offsets the neutral or zero position of’the rudder.
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APPENDIx 4.

: B737 &R TEAM A~ CALENDAR

The following is an account of the Team’s significant activity in support of the Review effort:
,.-.

DATE

Ott.25t028

0et31to
Nov. 4

Nov. 14 ‘

Nov. 15

Nov. 15 ,.

NOV.16

Nov. 17

NOV.17

Nov. 18

Dec.5t06

Dec. 7

Dec. 12

.. ’.’ ,. ACTIVITY

Team fam.ihkh “on with dcskn of B737 flight control system.,.-

Team review of certification data of the flight control system.

Brie@Miscussions with FAA Spcial Certiflc.adon Review Team” @E:
~rmination of design or maintenance deficiencies of hydxaulic
components “mflight contiols of various Boe-mg&planes).

NTSB briefing on airplane system issues regarding B737 accidents in
Colorado Springs and Pittsb@” ~

a. Boeing briefig oh B737 acgidents.

b. Team review ofNTSB recommendations regarding B737 flight controls.

CDR Team &UCUS. ,

Some,T= members participate iq “M” Cab simulator exercise of CDR
Team developed failure scensrios.

a Other Te&n members participate in review of Component
Mainteriancdlverhagl Manual pro&dures for PCU.

b. Comparison of “task cards” vs. Boeing MPD requirements for identified
Latent and o@r failures in the flight control system.

c. Re~ew of the B737 MRB id subsequent “revisionswith S&ttle AEG.

a Team revkny of TIA and Ironbti tests relevant to the demonstration of
fhihlre consequences -

b. Boeing f~ure analysis briefing on lea&ng and trailing edge flaps. .. .
c. Team caucus and review of Nov. 17 “actitity and r&ulw~

a “Actionto satis~ Team requirements for addtional information or design
review. -

b. Team discussions and initiation of CDR report outline

& Some membexs of Team visit TRAMCO for first hand look at B737 in
“D”check and PCU component disassembly.

b. Other T= members hold discussions viith Seattle ACO mechanical
systems staff members.

Di=ions with Boeiig on outstanding questions.

f
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Dee. 13 to 15

Dec. 16

Dec. 20 ‘

Dec. 21

Jan. 9

Jan, 10 and
11

Jsn. 12 ‘

Jsm 13

Jan. 18t020

Jan- 23

Feb. 7

Feb. 8to 10

March 20 to
31

,,.

continuation of Team diwussions snd review of SB, SL, AD and ASRS
tirts. . ‘..

Some Teani members tilt Parker and Honeywell.

Discussions with Fortner on repair of B737 PCU’S.

Meeting with Douglas A@@ Comp. regarding their philosophy and
design of flight eontmlm , .- ;.

D=ussions with Boeing regaling the pre’~y draft of CDR rept

D$velopmeht of presentation of T= results for discussions with
m=uzem~t of F~ NTSB, DOD and TmnsRort Cansda

Presentation of CDR .dts to Tesm management.

Revise working draft of CDR report ss ~uird

llevise working daft of CDR repcyt as required

Provide working draf?to Boeing for review and comment

Review Boeing comments with Team,

Revise working &ail of CDR report and sod recommendations for
distribution to FAA offices for development of action plan.

Retised working drsft and developed executive summsry of repot Began
development of repfi on implementation plan.

,.
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APPENDIx ~

BOEING MULTIPURPOSE ENGINEERING S~TOR, “M” CAB,. .
E~R~E ”:.’., .

,., .
,....” ‘..-. . . .. . ,-

As a result of the identification ofa numb of ~ti fkilures in the B737 flight contrpl ~ste~ the
CDR Team conducted a series of simulator @a to ag.empt to evait&e whether these @urns cmld result
.@the 10SSof a@.raft control. The flilures ~ be evalwited included single, multiple, and latent f~ures
and no attempt was made to determine the probability of any event ‘The approach taken was that the
fhilure had occurr@ now, what is the effecton the flightcr%% ability to control the airemft? .

., ..’

The simulat& used was B&ii’s “M” CAB enginee~g simulator configured as a B737-300, No
verification of the simulators fideli~ with respezt to the test ah-plane for the test conditions evaluated was
made by the CDR Twin, However, scverid Boeing flight controls, itability and control, and simulator”
engixieerswere involved in setting up the test. Their general opinion was that the simulator’s fidelity was ‘ ,,~
sufEcient for,the kind of evaluatio~ bciig conducted.

The tests were conducted on November 17, 1994. CDR Team pilots were Ron Filler, ASW-I 50, and
Gene BoilirL ACE-160W. CDR Team obsefiers were Tom Domelly, ASW-190, and Mike Zielinski,
ANM-l 13. The Boeing test htor in the simulator was Marty Ingham. Several other Boeing personnel
were present io assist with me test.

A basic test plan had b&n a&&d upon”and briefed prior to conduct of the ~st. This te~-plan is presented
herein as Figure 1. A list of&ta parameters to be recorded was also agreed upon. This list is presented as ;.
Figure 2. The teat plah lists basic airckdi configuratio~ weight aid e.g., and flight conditions for each “. “,
test together with a brief iest descriptio~ All tests were conducti essentially as shown except for test 4,
simulated bus bar and cable failur+ and test 5, lateral axis autopilot hardovers, without force limiting.
These tests could not be accomplished with the simulator as available on November 17. Also, the manual
reversion part of test 8 could not k accomplished. Some of these tests may be tinducted @a later date.

,.
. . . .

Two tekt conditions were tided to T@ 2; th~ were-rudder hardovers with speed brakes deployed at .tigh
altitude, clean configuratio~’arid low altitude, flaps”1, 140 IUAS. One “surprise” rudder hardover was ~~
added by the CDR Team obs6rveri in the simulator control room. This test turned out to be umdistic ~” }
because of the manner in which the rudder rnalfimction was intiuduccd. All these ~d~ ~ * ~ -’
disc- together with tie tests conducted fi’omthe test plan shown in Figure l.in the Test Results
sectio,nbelow.

~’
..

.,
,.

. . . . . .
~ - Prior to wnducting the tesG outlined in Figure 1 he two FAA pilots flew
fhiliarizatioa flights in the simulator.
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Mr, Ffler is type rated in the B727 and has flown FAA certification test flights for after m=ket equipment
in the B737. He flew a takeo~ tic pattern circuit ahd lar@ng with the left engine fa@3 at VI. He

., judged the simulator to be typical of many he I@ flown but less Sfitive “ti Iow’altitude roll/yaw.
coupling than one B737 tmining simulator he has floti _ his fli~~ the -w and Mr. In@am
attempted to’sort out the auto pilot pros ~ g, and although its altitudehold function did not work
properly;.it was judged 10be working adeq~ly.for its intended use in the rudder @n runaway tests

‘, (1.10, 120, snd 1.30). ,.. .
.. ‘,

.’. ,

‘~. BoIlin is type rated in kc B747 and h ~~ flo~ the B737. -He intended his ffiarization tlight to
also be a lefl &tern circuit firn” takedf to Ian~ hth both engines running. After a normal takeoEa
Iefl turn was made to crosswind an~ paksing through 1400 feet AGL and an&speed of 225 IUAS in a
clean cofiguratio~ the CDR Team members in the shmdator control room askedthe Boeing technician
to insert an tmingounced “rudder hardover.” However, instead of inserting a realistic ruddq malfimctioq , :
the Bo@g software technician bserted an hi.stantineous aerodynamic equivalent of a 26° right rudder
&flection (rudder bias). ~’ rudder bias increased to 34o as sideslip peaked. This pulted in an initial ~,
slight roll leil and moderate right ‘yaw followed by a violent roll right (660/see) and increasing right yaw. -:
Mr. Boti rcspndd with initial right wheel (1 see after the event) followed by full left wheel (within
31/2 sec. after the event) and full left pedql (w-M@31/2 sec. rifler the event). Left pedal had no effect
since the rudder was biased aerodynamically full right with no blow down fimction or stop to limit its r
travel. WWn 6 seconds after be event the right roll had peaked at 110 deg%es, pitch attitude was 33° .

nose downj ~titude was rapidly decreasing, and Mr. FiIler remarked:1 think we crashd.” At this poin~
Mr. Bollin relaxed reaivery controls and the sirnultior did “crash” 5 seconds later.. .,/,.

T& even~ tiortunately, w very unrealistic, although the crew surprise factor W= @i~c. M~~
rudder tmvel is lhnited to + 26° by actuator travel and to approximately 12° by aerodynamic hinge
moment (blow down) at 225 KIAS. Also, rnaxhum rudder actuator travel rate is about 63‘kc in terms
of ruddm deflection with no load. The pilot inputted hardovers flown in the simulator had average rudder ~
deflection mtes of approxir@ely 40°/sec. Therefore, the instantmieous rudder was approximately twice
the realistic deflection that sho~d have required abut 0.3 seconds to reach full travel: Then the model ‘‘
allowed the deflection to increase even further as sideslip iricx resulting in a deflection of about 2
1/2 times what is realistic for this_ No real conclusions can be drawn from this event. As will be -.
noted later, rapid pilot response is crucial to kwxasfd recovery fkommore ‘kealisticrudder hardover
Scenarios. -

,.,
,,. .’ . . .

After n%etting the -&nidstor just outside the o~r marker, Mr. Bollin completed his famihization flight
with an uneventful approach and landing. His comment was that the simulator felt like atypical simulator

,.
and not like an airplane in all,rqects. ,. ,.. .,.
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After the.low altitude familiari&tion fli~~, the s~ulator ~ reset to FL 350, cr@e Mach =.74, and . ,
both pilots fitiorrned rudder doublets@ obs&ve the sir&lator’s/+rplane’s Dutch roU chamdemm“ “cSat .“
high altitude, yaw damper on and off. WI* yaw dam~ ON the observed response was very ti@Y ‘
damped with one or two small overshoots Wl@”yawdamper OFF, the responsewas dam~ cycles to : “ -, . .
1/10 @ditude we= ayprindmately 7 giving a @upii to critical damping ratio of approximately .05.
The characteristics did not change at M=Mmo “tid the simulator w not diflicult to fly yaw damper off. . .;
Dutch roll kquency p approximately 0.3 cycleskc.
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‘Xl&tests were devised to investigate whether a rudder or ai.lem”ntrim ~wy that was eouqtemcted by
‘kutopilotaileron input eo~d result in a seven2ups@maneuver following an inadvertent autopilot
-~ect or an intentional *Meet by M ‘_tive pfio~. “,- ,,

“..,... ,.. . .-i ,.. - . ““”:F@tim ‘. ‘“’.,

. .

RUN CONTROL TEST AL’rmJDw MAX M/j-x. MAX. R-
SURFACE . VEL&3TY ROLL ROLL VERT ““ :

.~-or~ ““, ” RATE g’s

6 R,. 1.10 350/.74 55” 30” I 2.0 HANDS ON.’ . . SEC RECOVERY

7 ,R ... 1.10 350/.74 65” 30”/ 1.9 HANDS OFF
SEC RECOVERY

. . . . DELAYED RECOG.

8 R 1.20 6Q50 45° 150/ 1.4 HANDS ON
SEC RECOVERY

9 R’ 1,20 6/250 60° 100/ 1.7 “ HANDS OFF
. SEC RECOVERY

10 A 1.21 61250 -, 75” 28°/ 1.65 NO DELAY,
SEC

11 “A. 1.21 “ 6/250 “ 65” 28”/ 1.6 NO DELAY
,, SEC

12 A 1.11- 350/.74 ‘ 100Q 44°1 1.6 RECOVERY AFTER
SEC 60° ROLL

13 R“, 1.30 6/120 350 ‘ 130/. 1.25 3 SEC DELAY,
SEC WERON ONLY

RECOVERY

14 A 1.31 6/120 “60” ‘ 22”1 1.55 RECOVERY AFTER’
SEC ‘. 4:0 ROLQ

AILERON ONLY ‘

15 A’ 1.31 6/120 65” 22°1.,, -41’ “ HANDs OFF
SEC +1.8 INITMLLY, THEN

RUDDER
ASSISTED .
~covERY

. .

,’

,,

,.

,,

.,
. .
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The ti~p~ot - used for the rudder trim runaways. Full &dder trim always result@ b a haling and
rolI depmture. Delays refix to delayed meognitiom not delay after autopilot diseonmxt. The autopilot
was disconnected for recovery, &&on &d hands off as noted ‘Ilis maneuver was more s-were at high
altitude because of aircraft in.stabtity and ailer(m sensitivity with large sideslip angles under these flight
conditions. The Iower’altitude, IOWa ~ tests were easier to eontroI. .- ~ “.

Aileron trim always with the autopilot AA weresimt&ted by the pilot holding the wheel to
maintain heading until fidl trim bid been applied. ‘l’hen tie pilot released the whed to simuIti autopilot
disconnect and recovered up& recognition with no &ky The high altitude mane~~ k this M was ..

easier to c.bnirol than the rudder trim mnaway due to the lack of rudder indud sideslip even though the ‘
roll rate and mll excursion’were hig&r. Agaiq @elower altitude, lower speed W points mom *fiY
reeovere4 even though one of these tests ‘@nts produced the only significant negative (less than 1) ,.
ae@e@on ob~ed @or to retmwry. Use of rudder aided ~vm-y fi-omthe aileron nmaways by
mdueing the adve~ yaw pre~nt with aileron only recoveries.

None of these tests (rudder @n or aileron trim runaways opposed by the autopilot with subsequent
diseomect) resulted in loss of control or potential loss of cantiol of the aircrait ~ey did, however, .”
require prompt rrmgnition and pilot response ti autopilot disconnect ~ prevent excessive (pa-haps
hazardous) ba$ angles from developing.

,- ..
. .

er Sldes~ v

These tests were designed to timpare roll (aileron/spoiler) and yaw (rudder) emtrol authority in steady
heading sideslips and to determine aircraft/pilot response to a sudden Ml pedal rudder application. The
pilot not flying inputted Me simulated rudder hardover by put&g one pedal to’the floor as fast as possible ‘“
and holding it to the floor. This resulted in rudder deflection rates of approximately 400/see& compared
to no-load hydraulic system capability of 630/see.

NOdel~ys other than recognition wEreapplied to pilot response to the sudden rudder inputs because these ...
!naneuvers were felt to be so violent that no pilot would delay reeovery response by more than recognition .“
time. As can be &n by the roll rates and angles pmdu@ tier delay could easily res~t in roll angles :
in the inverted flight regime.

,.
,

All steady htimg sidkslips resulted in sideslips wi~ fhll rudder &d some aileron Iefi for m~~ing .~
eOntroI.
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RUN TEST ALTJ MAX. ~ MAX. MAX. Remarks
v ROLL ROL~l) VERT SS(2)

RATE G’S

16 2.40 6/120 l@12”. 50” wheel 14”—. STEADY HEADING
.. . .. }, -., -.’ SIDESLIT (SHSS)

17 2.40 6/120 20” i4i/ SEC -.3,to 18” (3) RUDDER

,. - +1.2 HARDOVER (RH);
EASY RECOVERY

19 2.41 6/135 10” 50° wheel _ 13” SHSS

20 2.41 6/135 40” ‘. 22QISEC NIL. 16° (3) RH

21, 2.31 6/190 10-12° 15° wheel _ 10” SHSS

22 2.31 6/190 62° 32°/ SEC +1.6 14° (4) RI-I

23 230 6/190 20° 25° wheel 120 SHSS

24 2.30 6/190 65° 34°/ SEC -.3 to 14° (5) RH

+ 2.4

25 2.20 6J250 20” ‘. 40” wheel 7“ SHSS.

26 2.20 6/250 60°. 42”/ SEC 1.4 11° (6)RH

27 2.21 6/250 20” 45” wheel _ 70 SHSS

28 2.21 6f25b 62° 39°/ SEC 1.4 10°. RH-not quite benign

29 2.11 3501 15° 50° wheel 6° SHSS-airplane
74 sensitive

30 2.11 350/ 65° 41”/ sec 1.5 10” (7-)RH-
.74

31 2.10 350/ 15° “. 40” wheel _ , 7° SHSS
,. .74

32 210 350/
~e.

58”1sec -al+ 2.2 110 (8j RH .
.74 ~ ,. . . .

. .

(1) This column is deti of*~l ,rbaining for SHkS.

(2) This column is steady sideslip for SHSS.

(3) Pilot comments .$mt it “took a minute” to figure out which way to input opposing aileron’control due
to initial roil rate and lateral acceleration in the opposite direction of the ultimate departyre with initial
rudder inp~ before sideslip builds and dihedml effect predominates.

. .
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(5) At this condition (lightia& flaps 1,190 IUAS) re&v&y km yaw”w in doub~ full opposite wheel
stabi.E@ the roll angle at 42”; but the yaw’rate also stabilized at 50/see; -M d~- to 17?
,KTASas the pflot recovered to his initi pitih altitudq thcinthe now wss 10weredagahL airspeed .
incneased to 190 KIAS ~ roll angle r#tukrd fo 15” in the Opposite dirtxdon and yaw rate reached zero;
this sequena of events la 35 Seeonk ti 18@ of heading changereiuhed; full opposite wheel was
applied for the entire period from 2.5 seconds @r the hardover. . ~ .

.-
(6) Roll reeovery easy yaw o&iion with 4 aemnd ~od hard to damp out without pilot induoed
oscillation (PIO). ,“ ‘ .“ ‘ .,

(’7’)~!~e is Witi =bl~in ~S condition (heavyhW.j”350/174b41with a lot of sideslip; hard to stay.,’
‘OUtof PIO with aikrons. ,,

(8) Mr. Bo~ flew k ~ his tec~que was to take @e hardover more “hands off than Mr. Filler
which sometimes resuhed in a slightly greater ioitial extilo~ his comment was that the roll was “quicld
and “is the yaw dar@er on?” It was t@-nedOQbut we do not know ifit is effective with tbe rudder held to
“tie floor. With roll rates this hi~ quick pilot response is necessary’to prevent going into the inverted
flight tigime. :

dder/Aileum Feel For~ests 3.10 thru 3~

These tests’were designed to determine any hazardous effects of loss of rudderhileron feel force due to a
fhilure in the f~lk-entering mechanism, Also, an attempt w,~”made to determine if any of these failures,
such as the fhilure of one of the two red~dant feelkentering springs, could be latert,,

.,
., ..

All the flight conditions show+ on the test plan in Figure-1 were flown. Simulator pre-programrned
random turbulence, characterized as “hea@ but judged by Mr. Filler to be ligh~ was added for all 1/2
fel force tests.

,’..’

The two piIots $me.d the piloting tasks sufli~ently during this test s&ies so that each pilot could make a
qualitative judgment about all the anditions, The baAc - stability and control ch.aract@tics
influenced @e test resukas would be expectqi Namely, the high altitude tests, where the* is
more unstable (sensitive), provided easiest recognition of the malfunction and more control problems in
the case of Oredder f-l. The lower altitude, lower a@peed @iiIts were more benign.

,.
. . . . .

,, . .
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In general,the resukswere as follow

1. 1/2 ailerpn f~l was pleasantly light”~ would be hard to rmognize as a failyre. Thus, potentially, this
fhilureiahtellt - “

.,

2. I@ rudd~ feel was easier to ~~but atill”hght be latent if only observed at low altitude and’
airsped Control with 1/2 feel was notaprobltig+. . . .

3.0 aikron f=l was &idly reagnizable, although the simulator still had some c?mtering force snd a
break-out detonaie at “ivheelcen&ed. Control was again not a problem.

4. II rudder feel prod~ a’condition - k a pilot indu&d rudder &rdover, since once displrud
there was no return until the pilot remgnized the condition and centered the rudder by sensing when his -
feet were ~e~ ~ such it was not only remgnizable as a failure, but produced a definite mntrol proble~

_lY ~ ~~ ~titude ~d airsped In the simulator, there was still a recognizable detent at the
centered position an~ if no rudder input was made, the rudders stayed centered.

This test was intended to investigate the difficulty in ah-cdl control after aileron or pilot side control jams
at 1/2 andfull aileronhheel defection. The sim~ator forcdfeel system ~ set up to duplicate the wheel
forces produced by flyihg ,Jheairplane with the co-pilot’s tied throb the aileron transfer mechanism.
However, in the simulator, both wheels were operative and felt the increased force.

As could hve been. @cipated ~ the design force gradient VS.whkl deflection c&ve, this was a very
d@lcuh task- The desiW force gra@ent vs. wheel deflection curve is linear over ranges, but
discqmirmous, ,md predicts a 200 Ibs force requirement flom stop to stop.

Current FAR $25.671 (A&endment 23, 4-8~70) requires that the airplane be capable of continued safe
flight and landing after any failure, combination ,offkilures, or jam in the flight cantrol system not shown
to be extremely improbable, within ,tie normal flight envelope, without requiring exceptional pilot skill or
strength. However, jams are specifically referred to& those occurring in “a control @sition normally
imc-ounteredduririg takeoff clinib, cruise, normal turns, d~nL and landing.” .The B737 did not have this
version of the rule in its ~fication basis except for syaiem changes unique to the B737-300, 400, and
500, with respect to the -200, However, Boeing &mt&& that the same philosophy (jams only in
normslly encountered control positiork) was followed for me -100 and -200 in showing compliance with
FAR $ 25.677(c) that requires trim capabiity @x a fhilure,@ tbe,primzyy flight tintrol system. Since ,

j-of tie P* v- @ tile tie trim W- an equivalent safety finding was made to
allow the use of spoiler control through the transfti m@anisrn to substitute for trim capabfity. A@ the
use of spoil-through the tmnsf&rmechanism * ~ ~ ahow compliance with FAR $ 25.695(c)
which requires that jtumi@ of the power cylinders (power control units) m~ be considered unless tis
fhi@e is extremely remoti. ‘ . .

Although not tested in this simulator exerck, an”heron jam near neutxid or within what Boeing &nsiders”
a contrpl position “normally encount+. is probably ”flyable by the copilot throu@ the aileron transfer
mechanism. However, jams outside this range where we cmducted this test produce control forces almost
impossl%lefor the pilot to ma@e.

. .
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All the test conditions were flown with both 1/2 @tual 10° to 14° of aileron deflection) and full (actual “
19” to 20° of aileron deflection) aileron deflection jams. The “1/2” jams resulted in recorded forces
oadlating f 5 to 10lbs. about 75 Ibs., i.e., 70 to 80 or 65 to 85 lbs., as the pilot tried to fly the airplane
after recovery mm the initial condition**” the jam was insgtd. The ~fidl”jams resulpxl in
oscillations from 75 to 100 lbs., i.e., 87 A12 l%, for the same wixlitions. Because he 0~~ Pfiot ~~d
hdp through the other wheel in this simulation (th&gh not in the real airplane case), flight and landings
wer4 attempted with both pilots on the wheels. This b marginally suwessful, and it did not reduce the
force on each pilot’s wheel for a given defleetio~ at lea.$ acz.mrdingto the data ,

.

,. .,

The riet tit of this .mvestigation ~ ~ if the for& dents were reali~c as cl~ed by Boeing to
,& applicable to the real airplane, flight under these conditions was e~ely diflicult tiring, and likely to ‘
resu!t in loss .ofcontrol of the &craft. The”particular flight condition ( cxmfiguratiom - altitude) did
not seem to make much difference. Aga@ high ialtitide flight was most dMcuh due to reduwl stability.
AIW, the prospect pf flying the aircmft to a successfi.d landing fim high altitudi wss in doubt ~~e of
the high physical effort required for a mlatively iong period of time. (See “Recommendations For FAA
ACtiOrL”Section 15. Reqnrunenda$on -8).

,-

One technique found to be usefid and nec.&~ for extended duration flight under these cmxhtions was
the use of rudder against the jammed aileron. Differential thrbt might have helped. but wasn’t tried
because tbe pilot w~ too occupied with both hands on the wheel:

c

wth Omeor T poder P~h 7.17)Wos .’
.-. . .

These tests were planned to investigate the”ccmtiol problems a.dor control power lost with one or two
spoilen stuck up. The tests were flown as planned (Ref. Fig. 1) except in reverse order (7.17 to 7.10).

\ ,,
‘Re@Ls

..’. . .

The test results were somewhat unexpec@ b~ predictable upon reflection. me a.sy&mettic Ml or roll
input was easily rmrrected by oppos”ti wheel input “mall cases; altbou~ @. Bollin’s hands off technique -
of taking the ir@ial malfimction did result in a 25” roll.with the initial spoiler application for the 190 .,

KIAS, flaps 1 case. Steady heading flight required abut 55+(Y of opposite wheel for 2 spoilers up at .
250 KIAS, cl- “mdno rudti @ut. ,

. .
. .

The predktable aercidynamic &ml\”thou@ a surprisi for the pdots, & ~e’loss of performance “ “
(increased drag, loss of lift) caused by flight in this Wndition. The ftied up spoiIers on one side had to be
counteracted by both aikons and raised spoilers on the oppsite side. This amounted to flight with “speed
brakes up plus ailffon inpti ~eloss of performance was dramatic hi all cases, and increased pilot
workload Wnsidembly. H.@ thrust and higher than no~al”angle of attack was required to mainti

@



:

desired fight path. One 45° bank rolli& maheuver wi~ a 10° overshoot (to 55” bank) with one ~im .
up resulted in autoslat deployment. The landing configuratio~ two spilers up, malfunction - flown to
abndingand~ :ukdinahardkdi. rig.- “, ,. . -:

,.. . . .
. .,. ,..: .,””- ,.

The eoncikion k-m these’tests w-&that&e kalt%ctions” were easilv Wntrollable from a rollhuz moment
eonsideratio% although ex&iy ‘whathad hap@&d might be a little &fEcuh to asc.ertgin withou~looking

““”out the passenger windows it the wing. Pdot thining for this rndfunetion would be a deihite asset ‘b
handling it (S= “Recommen&tions For FAA Actio~” won 15. R~rnmen&tion -19).

Opposite ~dder and differential thrust to alleviate’time”op~site .s@ier deployment wouldprobably be
a useful technique, although this was not thoroughly investigated.

,.

vers d Speed B~ . .

.,

Tests 2.10 and 2.11 (Lt/fi and Hvy/Fw~ 350/,74M) and 2.30 and 2.31 (Lt/Aft and Hvy/Fw~ 190 KIAS,
Flaps 1),which were the moqt critical test cases for rudder hardoversYwere repeated with speed brakes
de@oy~ prior to the hardover. Steady heading side slips were not flown first because the rudder
hardover resulted in a steady heading sideslip after control was regained.

,-

i
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Result s.’
,.

.. .,,-,
.,

. .

..

Ruu Test M./V Max. “.. Max. Max Mai. Ss
RoII Roll Vert gs ““-.

= “ ‘ “’ ‘“.

59 2.11. 3501.74 60” Soalsec ‘-.6/+1.35 8°

61 2.10 350/.74 70” 47”/sec -.7/+1.9 10°

63 2.30 6/190 550 “. 30”lsec -.4/+1.95 14*

64 2.3 I 6/1~ 50” 290/see +1.6 13”

\. .

(1) These tests were comparable to their sp&d brake down counterparts but were judged to be sIightly” “-
more sinsitive.. . ,’
(2) These events were v+ carnpable to their speed brakes down counterparts. Recovery he and ,
heading change for test 2.30 (Lt/Mt) was less than for.the speed bmkes down test due to pilot t~~que
that never let airspeed get low.

.,, ,-.

The net resuIt of the speed brakes up rudder hardover tests wis thats@ brakes dMn’tmake much
difference. ~ the MM recovery, speed brakes were lowered and asymmetric thrust was tried on test .,”
2.30 (run 63) to try to reduce wheel deflection and sidedip. This was partially successfid; flight idle
thrust on the “deadn engine (de.@foot dead engine) reduced average wheel deflection ffom 65° to 45°
and side slip from 11.0to 8°. ....

. . ,:?

..’
clover~

,,. .

h additional test ti added @ investigate the n%ult of slowing the aircmft to a flaps 1$, airsped = 1
V~15 + ~ prepai-atoiy to landing cdl-on after undergoing a rudder hardover in the >-.
cor@uration/condition of test 2.31.’ - ~ . .

. .

The -t of this test was that the ~lane responded with ho m“- or ~uliar, characteristics during .
-,

this recmfiguration aud slowing. One observation was that large bank angles (>45°) produced a
“noticeable over banking tendency.’ Also, differential threat to reduce wheel angle and side slip was less
effkctive at @s 15, VW 15’+ 5K=160 KIAS. Flight idle Won the en~e opposite the rudder
hardover reduced wheel angle fi-omabout 45 degrees to 35 degrees and side slip tim 11 degrees to 8
degrees.
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These tests were pitied to investigti’tlie ‘tiri~l diflictities resultig finm asymmetrhl leading edge
devi~ and trailing edge @s. ~ leac@g edge devices &trac@ on one si& with 5ps extended have
been suce@ullyflight tested. Tests t&re @m@ ti this cmfiguratio~ progmsing to a maximum flap

z~ O!8 degr~,% ~ti by the asymmetry I@@orL and finally resulting in manual reversion
with loss of A & B hydraulic systems. Howti~~ tlxi sirniiator would only Wow one leading edge device,
the #2 slm @ich is supposedly-the wo~case, to be siinil~ retited. h, manual reversion was not
possible with the simulator cmfigured as ~. Therefore, the test was conducted by starting at 210
KIAS and slowing, eyt&ding flaps ai @proximately the nod maneuvering ~. At the f@ flap
extension flaps 1, the #2 slat was fkdledin the retracted position, agd remainql the&

,.
Flaps were extended to 5 de~eesl then 1] degrees, and the landing gear was lowered. As flaps were -
commanded from 15 degrees to 30 degrees, the 8 degree flap @rmnetry was inserted and flap extension
stopped ihpproxim~ly 25 degeeg. For each cmfiguratiou flaps 1,5, 15, and 25 degrees plus, the
aircmft roll asymmetry was investigated as aiksped was reduced and angle of attack was increased to the
point of a sharp roll-off which in the simulator, occurred coincident with or just before stick shaker
activation- Very litde effect of either the ftiled slat or the flap asymmetry was noticed prior to initiation

““’of the roll. After the roll-off, a normal stall recovery with more than adequate roll and yaw control was
accomplished. This completed tests 8.10,8.11, ~d 8.12. As explained above, tests 8,13”and 8.14, loss of
hyhulics, cotdd not be accomplished. - .

“Thesimulator w~ then reset to a flaps 40, gear dom confi~tion with the #2 slat “~tracted and ah-sped
at 130 KIAS, approximately V~F. Akspeed was then decreased and ~gle of attack increased until a
roll-off in the direction ‘ofthe fhiled slat ocmuid. Stick sha@r activation occurred at a wing angle of
attack of 17 degrees ,x ,mll figle passed through 25 degr~s and roll rate peaked at 20 degreeshec. A
normal stall recovery ~ accomplished. Maxirmmiroli tigle reached during recovery was 50 degrees

. and rqtxhum sideslip angle was 18 degreks. This ~rnpleted tests 8.15 and 8.16.. . .,. ...
., .”,. ..

,.i

., ,.r.
. --

,“

..<’-

$:..;

The essential ~suhs of these tests was ~ tie f~~ of one leading edge slat to extend upon flap ‘
,,

extensiom alone, or Combmdwith a flap asymmetry liinited to that permitted by the flap asymmetry
protection syatmw had vw little effekt on aircraft flight characteristics unti angles 6f attack very near the “”,..
$tau Wereattaiged. ‘: ~~ ~ ... .- ;...””: . ,’ ,

CQN-!l?u=,: : . :, .:,”..-’ “’” ‘“ ;,. : .’ . .

(I) Rud@/Aileron T~ Runaways --If theautopjlot ~ d.ismmected %ands off” after a fidl j
displacement trim hip~ the aimraft rolled rapidly (13 to 22 degredsec at lower speeds and 30 to ‘”~.
44 degreedsec at higher speeds): Prompt pilot -on waSre@ired to prevent excessive (%0°) , ..
bankangles flxxhdevekping. “ . ‘“ “ ““

(2) Lateral v-- D~tional C-c@@ Power Inch&g Rudder “Hardovers” - These tests basically
confirmed Boeing’s c@ention that lateral cmtrol has more roll authority than does the dihedral
effbct km full rudder ~puts for fl@t conditions tested. In the 5ps 1, 190 KIAS condition lateral
control also predominaq but_recovery fi-oma rudd~ %mcIover”was slow and required precise
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pilot cent@ of resulting p-tiWai&eed Prompt pilot ~nse ti required to prevent ehh%.ngthe

~v~ fiwt m@me at I@h ahitudcdspeed. ~ ~~.-
(3) Flightwith Zero or One-half Aile@n/Rudder Fee] Force ~Failure of one ,~ring (1/2 f@ in the
feel ~d centeiing mechanism in’e.k axis M judged to k d@c~t for a pilot to recognize in
flight ‘md pt?tentially latent. ti f~l ~ the lateral ~ w ~-le and control was not’s
probleni. Zero “kudderf~l w mcoale but @uced a control problem due to lack of rudder
~~g. Pilot inputs resulted k &riAtiofis- to @ or M rudder hardov~.,.
(4) C@rol with Spoilers ~y”~”a S&~ati ~ot’s side Body Cable. Jam - With both Ailerons
jammed at the ‘displacexnehts teste@ 10 to 20 &~ flight”“tith pilot (copilot) input through the
aikron transf~ mechanism h e~mely diflictdg if not impossible, due to the high forces
kassary. Control of the aim-aft could be regained, b% long term flight to a successtld landing ~
qu@onable due to p~ot.effort req@ed and M@ue. . ,. ~ . .

(5) Flight wi$ tie or Two Spoiler Panels Stuck Up on the Same Side - Roll ~nt@ b these flight
co@itions was genehlly not a problem. The additional pilot workload fhctor was the loss of
performance due to increased drag and loss of lift on~ the malfunction was countered with op~site
whed The landing configuratio~ two spoilers stuck up, malfunction was flown to a landing and
m%hedinahaidhmding. 1

(6) Flight with ~e No. 2 slat Re&acted and Flaps’Extimd~ Including Asymmetric Flaps - None of
these malfunctions presented a control problem until angle of attack was increased to near ~.
Then a sharp roll-off in the ktion of the retraited slat o&&-ed tiow, coincident with stick
shaker activation. A normal stall re&very regained aircraft control.,.

.“. .’. . ..
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The &ta resul@g fiorn this sin@ator exercise consists of a video tape of the sirmdatois-computed
outside yiew animation of the aigm$t’s motions with the mckpit area microphone and speaker on the
audio channel plus’tle digitally ~rded data parameters listed in Figure 2.. A printout of these ~
parameters versus time was provided to the FAA and that &ta plus the videdaudio tape formed the basis
for this report. The data is on file with the Boeing Company and is identified as “FAA Audit Simulator
%ssio~ November 17, 1994.”
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SIMULATORTESTPLAN - B737 CDRTEAM - November17,’1994,,
.,.

:’
~’f . CONDITIONS coMMENm

No. Teattkcdptlon WT/CG M/v tip/OAT ; Config.-FlaNGear,FeelForce” Pilot ActiotI

1.10/1.11 Rudder/Aileron‘h&qRunaway .. LT/AW CRUISE 350/sTD CLEAN ‘ DkcoooectWithand

1.20/1.21 Autopilotengaged “.~ , LT/AFf ‘ 250K ‘~ 6000/STD ~ CLEAN Wtioq handson. . .
1.30/1.31 .,” LTIAiT v~F .: 6~/STD LANDING’F30 ., , , ““’

2.10 Lateralvs.Directional LTIAFT ‘ CRUISE 350/s,TD CLEAN Opposedtiogal

2.11 &n&l Powec steady HvYmwD “’. “
“

bardovcr with lateral

2.20 aidcalipanddymbnictransition LT/AFT 250K 6000/STD, CLEAN ImntrolandVice-vera!q

2.21
.

HvYmvD. “ ,, “!. Perfii dym&ic J

2.30 LTIAIW 190K : Flapa 1, Gear Up xnaoauvartidde&&ne
,,

2.31
,,

HvYm “ $, “ *.i atea&ikJaAipmoment

2.40 ~~ LTIAFT
;..’:.,. V~F “. LANDING‘ .!, ,, ,.

... .’ -.
2.41 HVYiFWD “ “,,’. ,. ..

3.10 Flightw/odirectional LT/AFT CRUISE 350 CLEAN1112R feel W,*e&, ‘

3.11 or lateralfel fomes ,, II “ M ~Rfeel . . mhhateaircraft, “, “’

3.12 “ “ “ “ m A fad controllabilitywith . . .,,

3.13 ,, “ “ “ m A feel reduoed/0 aileron

3.14 “ 250K) 60WSTD “- /lt2Rfeel orrodder feel ,

3,15 “ . “ “ mRfeel forcu.“
3.16 “.’. II “ “ IV2 A f-l

,,
.

3.17 “ “ “ ● /0A feel

3.18 “ VREF “ LdgJU2 R feel

3.19 ,! * “ “ /0 R feel

3.20 “ “ “ “ ./l/2A f&l
,,

3.21 “ “ “ “ /0A feel

,,,

,“ “

Q
,..’~“

. . ,,
,. ,, ,.

,. ,.,., ......
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SIMULATOR TEST PLAl)I - comt’d ; ~.,,
,. .,

,. ,, ,.

,= CONKMTIONS . ,. coMymTs “

N&. , TaatDssmlption . . WWCG M/v Hp/OAT Cooflg.Flap Gear,CC PilotAction,’”
4.0 SimulatedRudderBus .!, Dcfcmcdyntil,.....

,, Barand Cabla F&lures ‘”, -“. ” “*.”, , later

5.10 Latsralaxistmtopilot ; Highwfddte MmO ,“ . . 350fsTD CLEANIAFTC(3, Rccovtry after . .
.:,

5.11. hardoversw/o force . LTIAFT ‘ Vmo ,..::, Kncc&rD CLEAN. . appyiatc delay

5.12 limiting LTiAFT 250K, ‘ <> 6000/STD CL~”, ,, ‘.’”,

5.13 ,, LTIAFT 190K .. 600WSTD. FIw,l. GearUP ,“ ~

5.14 !., , LTIAFT VMF .“, ”. ,“
,,

600WSTD ~~m~ , -’, ,;, .,”

6.10 Controlwithspoilers HvY/FwD CRUISE. ‘ 350/sTD CLEAN ::, ,- Dot8rsnilleif

6.11 Onlywithailtia ,. ,“’: “,’, , 250K - 60QWSTD CLEAN . coiqml ispossiblo”.,.

6.12
“,

jammcd@lL2and Ml “, , ,, 190K . 60WSTD Flaps”l,GearUp : ,.
,,

6,13 drdkion ‘ “ : ., “.,, V~F . 6000/STD LANDING. , .’

,..

(

,.,
,.

.,

--

.

-—
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SIMULATOR TEST PLAN - ‘coit’d
,, .,.

,,

I TEST I TE= CONDITION

No. Tat Dcwtptlon -. WTICG M/v . Hp/OAT; Conftg.Fl*pJWa~Car Mot ActIon

7.10. Flightwith onehwo , HVYIFWD CRUISE “ 350/sTD ‘ CLEAN,1 Sup pctenniueif ,’

7.11 spoilerpanelsstuck ,, . “ “ ,2sup controlispossible

7.12 upon thewme side ‘ , “ 250K 6000/STD CLEAN,1 Sup \ ,

7.13 ., “ “ “ M ,Zsup ~~
. .

7.14 ,, 190K “ flaps l, GRUp, lSUp “:, .’ . . . ,,
7.15 “’ “, n n.. n ,,; ,2SUP ,:”, ,., ., ,.,

7.16 “ ,., !’4 VREF “ Ld,g,l,sup ,, ’.:’”:, , ,,:’

7.17 “ “ w ... w “ ,2sup
~.,; ,.. ..,, ,,.

,.
,, ,., ,,. ,,,\ ,,.

8.10 Flightwithasymmetric , ‘, HvY/Fwo Flaps1 VLE Flaps1, 1SMUp ~lY .’

8.11 ‘ LE& TE devioes,. w Flaps5. ,, VLE ““. Flapa5,1 slatup ,’ : ‘kllkte dimculty

8.12 pmgmssingto manual “. Flaps,15, VLE Flaps15,Gear~ ,,, b AkrllttControl

nwtiicm - starting

=4
8.13 ~

8.14

akitude/OATis

600WSTDfor sII

tests.

I

18.16” I

,,

.,

. . .
!,

I 1““““1

1 skit uQ,O8??Jeckscrcw”
travel Flapasym

“

,“

*,

“

Flaps 25

.“

Flaps40

VSTALL

“

semias ebove,

“B” Hyd. Sys./inop. ‘

samess abovq
.’

-PA” Hyd. sys. /hop.

Flaps 40, Guu Dn.,

1 slatup ~

same a9 above

.’

,.

,.

..

,, ,.

\
.,
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Parameters record~ For B737 CDR T&m Simulator Test
,.. .. . .

.

Roll Attitude, Pitch Attitude, Hag .

Roll, Pitehand Yaw W ‘“”

Ve&cd, Lateral, Longitu&ml Awekration ‘. ‘
,..

~, CAS>Hp, Oat ;, .“ : ..

Control Wheel Displacement &d Force @itch and Roll) . ~

Rudder Pedal Displacement and Force

AU Control Sinfhe.ePositions

LE Device ~d TE Flap Positions - ‘ ~

C T&n Positions (Act&tor or Surface, not Switc,h)

“1.

. ..2.

3.

4.

.5...

6.

7.

. .

8,

9.

“lo.

. .
~..

..?.Anglc of Attack (Wiig or Body with Conversion) and Sideslip Angle

AThrust Parameter foreachengine (Nl or Thrust) ‘ .
,,

Yaw Damper Control Signal or Resultant Rudder Displacement Separated horn Totd Rudder .

11.

12.
Position .,. ,

13. Autopilot pitch and roll engage discretes

,.

\

,.

.

0.%
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APPENDIx 6

SERVICE J31STORY - CONTINUE D OPERATIONAL SiLFETY REFERENCES-. ...:,”. . ... ... .,, .. ,.,...... :- . , .,-.. ,.,.
‘me following tabl=’lists all Airwoa-@ves {ADs), Boeing ServiceBulletins (SBS)am!Boeing
Service Lktters (S.LS)revi~ by the T@@@@ial list was compiled km a series of indexes in

- ~~wl$ch ~e subject matter may have be&’@VanMO~: b“ign ~~. , .,
,.

... . . . .-’. . . . . .. . .,.:
Service Ldtem tid Seryi&B”&etinS &j-rn&tiWS-g&- documtitation issued for ~line
customers. Service L@te@typii@c&vey geikial info~o~ i.e., to discuss field ‘problems ~d
hi@i@t information @y &is@ or schkduled to k“inc&pora&I in existing documentatio~ to”’
notify operators o“fint&&angeabiMy or firture spare ~ numb of equipment which have no effect on
‘aircraft safkty; @orman$k, rnaintainabii and reliabii~, to not@ operators of changes in material
finishes, protective co- et& Seriice Bulletins, which am an ameidrnent to the type desi~ are
mically issuw @ aver rnodiiications to the aimrt@ engine, or accessories; subs&utions of parts when
the parts are not cbmpletrdy interchangeable both fictionally and physicaUy; conv~ions from one

“,. q@ne model to another, etc.’1~ of Service Bulletims may be”the result of product improvements,
safety @suesor customer requests. Incorporatiori of Service Bulletins are not mandatory unless required
by an Airwortliney Dir&tive. (See ‘Recororiiendaiionsfor,FiUl Action”Section 15. Recommendation-‘

.25, -26)- .“. . ... .. ‘“,,, ,’
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. . .

...

.. ...

.,’

.

.. .
, .. . . .. . . . .. .

.,. . . . .

Seivice Diffic~ty Rep&ts are gen~ted fi=ornop&at&s who are ~~ by iegulatio~ to report on “‘
ca@in ‘mechanical d@repancies. In addition to the specific mechanical irregularities specified in the .:,
regulations,operators are ako directedto repoi-ton any other ftilure, malfunctio~ or defect in an aircraft ,.’

that OC&Sor is detectedat any time if, in its opinioq that fdure, mihimctio~ or defect has endangered ‘.“~:
or may endangerthe safe operationof an aircrafiused by k Becauseopinions of wl@ may constitute :.
endangermentof the Me operation of an &craft di&s tim operiitor,to operator, the data base for the ~‘ -
SDRSmay not fully revealthe-extentof particularproblems or a lack thereof. In additioq +ese rep+ ~~
are not verifkd for accuracytid the ac@aldiscnijancy”andcorrective action may not &itch the reported “~
discrepficy and cornxtive actio$ i.e;a kjort~,~dder hardover may, if fac$ have been a yaw damp& . ..,$
hardover. Becausethe accuracYof.~e .$4 ~ q ,~o~vefi4 thisinformation was used ptilY ss “, ~:
hdutomofp~ntid p”mbl~ ~.,. ““ ~,“ . :- -. ‘ .,

;.
.TheASRS is a program dmin&&d by @eN~onal Aeronauti& and S- Amstntion (NASA) and .-,:,”
funded by the Federal Aviation Adr@@atI “on@AA). The ASRS cbllects, analyzes, and responds to .-
voluntdy submitted aviation saf..”incident r@orta fi ordti,@ lessen the likelihood of aviation

....
..

accidents. Pilo~ rnechani~ g&und pemimnel, or o%” involved in aviation tqxxatiom” submit reports ‘t-
o ASRS when they are rnvolved ~ or obsemei”sa incikt or situation in which atiation safkty.was ~ ,~.‘~

mmpmtised. . ,,, .- “., .“.., . ..’”
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eW’ORT~SS Directives .. :
AD+ AD SUBJECT :“ ..’ REF SB/SL COMMENTS

!
94-01-07 ‘ RUDDER ACTUATOR PISTON SL 737:SL-27-82B :

. .’..”:.,-
. “.. .,. SB 737-27-1185

,,

93-01-27 FLIGHT CO~OL CABLE .. SB 737-27-1164
Gums . ‘.. ‘ , :,-;.,’,,: ,“.:. .:,”

“91-09-17 B737-300 FLAP TRACKBOLTS SB 737-57-1202
,.

SB 737-57-1212 ‘ .’,.

91-05-16 “ W LANDING GEAR SB 737-32:1224 Hitting cables
ACTUATOR BE~” ARM “’ ,,

90-2444 OUTBOARD FLAP FITTING SB 737-57-1206.
AITACI@f.ENT “ “’ ‘“’ .’

90-17-20. . LOSS OF ~ OUTBRD FLAP SB 737-57-1079 -200 Flap track bolts

88-07-04 ‘“ HYDRAULIC SYS, BRAKES, “ SB 737-32-1202 Mlation of MLG
NOSE WHEEL STEER brake metering valve

tire buist guards.

86-18-04 “ SELF-LOCK@IG NUT TORQUE “.. -, .
INSPECTION

80-07-02 FLIGHT CONTROL SYSTEMS ) Rudder MPCU seNo
,, valve by Fortner

.

. .

. .

..”

. . ,.
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AIRWORTHINESS DIRECTIVES
*# ADSUBN’I’ ~.. ,, .: REF SB/SL COMM13NTS

9O-10-51RO SEPARATIONOFCONTROL ““” ..” Irqxktion .
~ FROMCOL@,=; “’”:..,, ‘.

80-2651 j CONTROLSYSTEMJ-G SB 737-27A-1109 Pitch Axis.
‘“, -ATOR)-’BOLTS ;.,:::;,::” ‘.

80-22-12R2 WING ED(3EDEViCES ‘“‘ SB,737-31;1038R3 :

76-11-MM CONTROLSYSTIj2vlVIBRATION SB 737-55A102OIU LQoseelevator~bs

7H1-03 B737-200 FUMR BEAMS SB 737-53-1044

75-24-09 GROUND $PQILERS ~ ,“” SB 737-27-1080

75-05-01 REPLACEMENTOF ARVAN SB 737-27-1073Rl Applied to only a few
., CABLEPULLEYS .. ““ early models ..,,

69-12-06
‘:c;

AILERON TAB MAST FITTING SB 737-57-1040
.;.~

.EEQELL
737-27-1164 ‘“

I ...-

737-27-1154

737-27-1145

F

“E
737-27-1127

737-27-1125 ,“

737-27-1091 .

737-27-1081

737-27-1080

737-27-1075

B737FLIGHTCONTROLS
130mNGSERVICE BtiLETINS

DATE , SUBJECT ,. ,.. .

09/13/90 ELEVATORC~LE GUARDS
., .. ’,. ,,.- ,,

10?26189
/

08125188

.

11/1287

07/10/86

&ERON WCENTERING
MOD~CATION”

AILERON AND TRfM PULLEY
BIL4CICET

RUDDERPISTONCAP
REPLACEMENT

AILERON CABLEIDLER :

07/11/86 -

10/25/85

AILERONTRIM/~G:
M@fANISM’

RUDDERMFCUCOVERPLATE

03/08/85 I PLASTICCONTROLCABLEGUARD

02fw70 . YAW DAMPERREWORK .

12J10i76 ‘~ GROU$JDSPOILERVALVECABLES

-..,

coNfME-NTs

Promptedby incident- plastic
guardsmelteddueto APU
bleed air.

Degmdedaileronfeeldue to
failedspring.

Only-300Serie5

I . ...
I

-“”
i
. ..-

11/21/75 GROUNDSPOUERAC’IUATOR Affected40 seriesaircraft ‘

05/30/’75 RUDDER PEDALADJUSTMENT MOD. Cablekue
/

.

. .
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B737FLIGHTCONTIioLs
BOEING SERVICE BULLE’1’’IiN

BULLETIN# I DAti ‘-”lsmm .
# I

737-27-1125 031LW85 CABiJ3GUARDINST14LIATION.
737-27-1118 06/24183 AILERONACIUATORHYDRM.JLIC

TU’BE,ASSEMBLYREPLAC~

737-27-1112 02126182, FLIGHTSP&ER A~ATOR MOD.

737-27A1109- . 12/11/80 ELEVATOR~,lNIWT ROD . . .
,: ASSEMBLYATTACHBOLT

. INSPECTION -,

737-27-1107 05/Oi/81 RUDDERNOSEFARINGINSPECTION
‘.. &MOD.” ,,

737-27-1101 02/01/80 STABILIZER~ A~ATOR
., ....,. . TORQUETEST.

737-27-1099 IOIIKV79 STANDBYRUDDERCONTROLMAST
FITIINGSWE& PLATE

. iNSTALLATION

737-27-1094 1221/78 “,” FLIGHTCONTROLPOSITIONS~SOR
iNSPECmONRHDENTIFICATION

737-27-1089 07107178 “ RUDDERACTUATI)RATTACHMENT
‘“ FITTINGREPLACEMENT ‘

737-27-1060 08/0272 RUDDERPRESSUREREDUCERAND
RELIEFVALVE~SP~MOVAL

737-27-1058 03110172 , AILERONGEAREDTRtMASSEMBLY. . COVER REWORK :

737-27-1055 Ioosnl RUDDERIUGPINHOLERELOCATION

737-27-1053 10/’28/71 RUDDERTIjIMACTUATORDRIP
SHIELDINSTALLA~ON “.

737-27-1052 Ohon.1 BEARINGRETENTIONSLEEVE .

COMMENTS

+“
.,

AleriBulletin

,.

ADissued ,.

=3’.., ,
5 ‘“
- ‘

,:

1“ 1’ REPLACEMENT ‘,. I 1. ..
.. .. . . ,-
“;,

. . .
. .

. .
., ,.
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‘:B737,FL19HTCONTROLS
BOEING SE”iWiCE BUiLE’liNS

.“

,.
,.

. .

.,

SUBJECT -., COMMENTS “.

ARVANWA-D CONTROL
SYST33MS,PULLEYINSPECTIONAND ‘“
REPLACEMENT:”: ‘:

., ,.

BULLETIN# DATE

737-27-1073 02fIons
,,

737-27-1064
,.

737-27-1063,.

03129n4 I l“’.RUDDERPCUINPUfLEti ‘ ,“”
REVISION ‘: ““”” :

,,

09128n3 RUDDERPCUYAWDAMPER,
A~ATOR, STROKEREDUCTION

AILERONCONTROLWHEELDRUM
SWIVELJOINTATTACHMENTNUT
INSPECTION/REPLACEMET4T

,.

-.....
..
:.

Highforces
.,

03/’23/73737-27-1061,.

,-

737-27-1043
,,

06i08no R~”DER PEDALCF@K BOLT
REPLACEMENT . “

LATEML CONTROLSYSTEM
TRANSFERMECHANISMMOD.

02/13/70737-27-1033

737-27-1026 ou15nl REPLACEMENTOFEXISTING
RUDDERFEEL&f) CENTERING
UNITASSEMBLYWITHNEWAI&
MEC~CAL UNIT .

. .
,/

,.

737-27-1025 04/30/69 AILERONTABRODREPLACEMENT

SPEEDBIUKECABLEPULLEY
BRACKETMOD

737-27-1018 02/25/69

737-27-1017 I V22J68 R4TI0 C,WGER ASSEMBLYCAiLE “.”
GUARDREPLACEMENT .
RUDDERAUXILIARYP(XJSHEARPIN ““, .-
REPLACEMEN- ”..

FORCETIL4NSDt3CERCONNECTOR
MOUNTINGBRACKETRELOCATION .“

RUDDERPEDAL”ADJUSTMENTMOD.

737-27-1013 06L?4168

737-27-1004 04102168
.’

737-27-IOOl 11/09/67

. .

@
3

.-
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. . .“.-.”.

B737FLIGHTCONTROLS “
. . BOEING SERVICE LETTERS :

LETTER# DATE suwgcr,::’ ‘.” COMMENTS.,’
737-SL27-91 07/12/94 . RUDDER~ ALTERNATECHECK *

,.. PROCED~;:;.- .

737-SL-27-83 051061’93 RUDDERPCUDESIGNIMPROVEMENT ~ m“’.

737-SL27-82-B 07/13/93 RUDDERP@ ANOhfALIES “ AD.

737-SL-27-71A 06/19/92 - AIIl,R0NA3LEvA~RPCUFLow
RES~,CTOR FILTERSCREEN

. . CONTkkiINATION ‘.. ,

737-SL2~57 ~. 12/05/89 RUDDERFEELANDCENTERING~
LUBMCATION .

737-SL-27-52-A 05/03/93 AILERON/EL.EVATORPOWERCONTROL.,
w !NTERCHANGEA.13WITY- . .

737-SL-27-50-A 06122J88 RUDDERPCUANDYAWDAMPERCOUPLER .
INTERCHANGEAB~,ITY

,.
.-

09f23187,737-SL27-48 ., RUDDERTRIMACTUATORDISCREPANT -
OPERATXON ,“, - ,. .

737-SL2746 08106187 AILERONFORCELIMITMECHANISM
‘! -“ IMPROS%* ,.-.

737-SL-2740 ., 03131/86 ~ UNCOM$4ANDEDTRAILINGEDGEFLAP
.,. , MOVEMEFIT ‘-- ‘.”- . .

737-SL-27-35 08/29/85 UNCOMhiAN’DEDLEADINGEDGEDEVICE .“
- =SION THROUGHSTANDBYSYSTEM ““

737-SL27-30 04/01185~ AILERON/ELEVATQRANDRUDDERPCU
CYLINDERBORE~WORK

737-X-27-24 06128183 RUDDERC-RING ~, LUBRICATION “

08/2s/80 iIG~ CONi2tOL&RUDDI%TRtM .. “.”737-SL27-16 . .
.- COWOq’A~A~R ~UB~CAITON “

737-SL-27-15 Olilono - FLIGHTCONTROLS,RUDDERPOWERUNIT, AD
OVERHAULDISCREPANCY

737-SL-27-13 09125n9 FLIGHTCONTROLS,”RIJDDE~JAC~ .
INST,CO~OL ROD,BENDING

737-SL-27-(37 06/08/77 .,- AIRCRAkfCONTROLCABLE . _“ .

737-SL-27-04 03107177 @RON~EVATOR PCXJAUTOPIXaT
ENGAGEMECHANISMBINDING .

.,
. .
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:,...B737&DRAULICSYSTEM . :
BOE&G SERiICE BULLETINS .- . “

BULLETIN # DATE suBJ13q, _’”,;.,:”” “.

737-29-1069 .’ 10W35 RUDDEftMPCLCOVERPLATE

737-29-1064 : 06/10/93 HYDRAULIC“pi?- - PTUSYSTEM- REPLACEMENTOFO~ET ,
..-, ., -.. .,. .’”. PORTCHECKVALVEAND~E ASSEMBLY .-

737-29-1062 02/14/?1 .- .HYDRAIJIJCPOWER-PRESSUREFILTERMODIFICATION ~

~7-29-1037 12/07n9 HYDRAULICRESERVOIRP&SSURLZATIONSYSTEM
MODIFICATION -.; ““:““ .’ ‘“-~

737-29-1031 01/16/76 FIYD~ULIC SYSTE&iHQ4TEXCHANGERCLAMPREPLACEMENT

737-29-1030 lot24n5 ., HYDRAULICSyS~ LOWPRIX3UREWARNINGSWITCH
,, ..’ REPI+EMENT ., ’...’ , “ -. .-

,.

DATE

‘~

737-SL-29-2 t 08/06176

“l-=+==
-r ,.

* ,“

LETTER # 1DATE

737-SL-29-50 I 01/10J91

737-SL-29-46 I 11/14/89

737-SL-29-37-A IUIW91.

73q-SL-29-30 07n5185

737-SL29-08 I 04119n7

1

737-X,-29-M‘ ~03107f77

,..
.,
.:.,.

,.

..

-.. ,
.

.>;..,.

BOEiNG SERVICE,LE’ITERS &,... . .
SUB@CT ,’ ,:

~o~s .“”:

IDOF~IWJLIC SYSTEMCOMPONENTSMOST
.,

RudderMIWU .
FREQ-Y ~MO~ FK)RINTE~AL LEAKAGE at topof list .:;

BMS3-11Fi’YDkNl’LICFLUIDSTATUS
. ...,7; ,....

CONVERSIONOF~RAULIC FLUIDFROM
STAUFFERAEROSPACEER I 1. ‘

.
....

RECLAIMEDHYDRAULICFLUID I ....’.
.B737HYDRA~IC SYSTEM ; :.!..::............,.,,:.”;.‘.,.......,.:,:.:

‘BOEING SEIWKE LETTERS
‘..“,.. :..-:

. . -r

BMS3-ll HYDRAULICFLUID -PURXFY ~

~RAU’iiIC POWER- lNTERNALLEAKAGECHECKINTERVAL

CORROSIONPR-ON FOR’HYDR+’LIC”COMPOhk241X

WATERAC‘C’uMuL4llON INTHEHYhRAULICRESERVOIR&
PRESSURIZATIONLINEANDFILTER ~~ ;

HYDRAULIClW~ GENE~ HYDRAULICFLUID,EROSION,TEST,

~ti~c SYSTEMCONTAMINATION “ .

STANDBYHYDRAULICSYSTEMDQTERNALLEAKAGECHECK
PROCEDURE . :’ ..

HYDRAULICSYSTEM“A”FILTERDELTAP INDICATORBmNS

. . .,,

@
3-
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‘, ,.,,B737AUTOPILOT

. .

BOEING SERVICE BULLETINS

BULLETIN# DATE :. SUBJECT “{,.;.: . ..“ .,

737-22-1112 06/18/92 EMIEPFIZTSONYAWDAMPER ‘

737-22-1074. 1V27185 YAWDAMPERDECREASEIN AUTHORITY . .

737-22-1072 I 01/17/86 I ADDITIONOFWIREINYAWDAMPER “

737-22-1069 08/07/85 YAWDAl@ERAUTHORll+ INCREASE

737-22-1062. 09/16/83 , AUTOMATICFLIGHTCONTROL,SYSTEM- AUTOPIi,OT :
... ACCESSORYIJ’NH’- STAB~ TRIMFuNCTIONMOD.

737-22-1042 07/01/83 AUTOMATICFLIGHTCONTROLSYSTEM- RUDDERPOSITION,.
SENSORREMOVAL

737-22-1033 j.03/12/81 I SP-177AUTOPILOTACTUATORAUTHORITYREDUCTION
,

737-22-1025 06/06/80 SP-177 AUTOMATICFLIGHTCONTROLCOMPUTER., . .. . REPLACEMENT
1 I

737-22-1020 I 05/16/80 I YAWDAMPERCOUPLERREPLACEMENT

B737AUTOPILOT. “
..’ .-.

,.

BOEING SERVICE LETTERS :

LETTER# DATE SIJEU13CT

737-SL-22-30 12/13/91 AUTOMATICPILOT- FLIGHTCONTROLCOMPUTERP/N 10-62038-4

737-SL-22-20 1V20187 AUTOPILOTDISENGAGEMENTAStiING EDGEFLAPS
., TRANSITIONTCIORFROMTHEUPPOSITION

737-SL22-IO 05116/86 AUTOPILOTSTABILIZERTRIMSERVOMOTORREPLACEMENT

737-SL-22-09 05/05/86 AUTOPILOTDISENGAGEMENTASTRAILINGEDGEFLAPS
,. . TRANSITIONTOORFROMTHEUPPCWTION.

737-SL22-02 08/’24]81 AUTOFLIGHT,A@PILOT, CTLWHEELSTEERDETENTFORCES,
‘“ EXCESSIVI’ . . . . . ., ~

737-SL-22-01 03/11/76 DELETIONOFSYSTEMA YAW DAMPERAND AUTOPILOT

,.” . -.

.’

..
. .

. .
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The B737 CDR T= requc&ed all Aviation’Safeiy Repo~g.Systeio (ASN) qorts addressing B737
(all series) lateral and directiod flight cqnt@ ~hces~ The ASRS is a program dminkcd by the
National Aeronautics and Space Adminkmb “on(NASA) and funded by the Federal Aviation “.

. .
Mnmust@on ~AA). The ASRS col.1~ ‘k~ id responds to voluntarily submitted aviation

saf~ h@dent ~rts in order to lessen tie like@md of,avi~on sccidenti Pdots, mechanics,ground
persome~ or others involved in aviation operationssubmit reports to ASRS whenthey arc involvediq or
obseme, ti incident or sit&tion-in which aviationsafety@ comprorniwl

.,., .-.,
~ ASRS d&ibase is a public reposit.my which s&ves the FAA’s“~d NASA’s ne@s and those of other
“orgauizdons world-wide which are engaged in research mid the promotion of safe flight. ‘I’heFAA
P* not to H,AS~ ~Ofion w@st rCPOrtCrSin enforcement actions as au incentive to report.
ASRS reports identi& systqn deficiencies and issue,alenting messages to pemcms in a pqsition to corrrxt
them. @lS’s &tabak includ~”the narratives submitted by reporters (after they have been ymitized for
personal identi@ing detail$).

The Team &&ed &lreports avaihble since the iixqkon of ASRS’onJanuary 1,1986. Aczor@g to
NASA the reports received by the Team containedsome McDon.nell-DouglssMD80reportsdue to the
limitationof the database to ident@ B737-specificreports. The Team collectivelyanalyzedeachASRS
rqmrt and identifiexYekninatedthe MD-80rejxxts k-d on information omtaincd in the namatives.

The.following analysis was made by the Team: .,
. .

der) -

TotalReports R~ived 25 ,, ~

Non-B737R&&” ‘-” ~,

Reports Considered , 16

.“

Synopsisreview and sqting of &e reports yielded the following

#of Events ‘ .I&portedk.sue ~.,
11’ Rudder trim ~~y (tivOconfirnied’@adv~t switch

aiXivationevents) , ~

.3 Yaw danipr %on@ics’ - .
,.

2 , Rudder pedal adjustment mechanism malfunctions..
..

,..
In all cases, flight was controllable and a Me landing was made. A review of the re@ts indicated that
yaw damper anomalies occur frequently and are a safety concern of flig@crcws.

.,

A’+:
,....
..-.>

,..

~::.:

-.

.

.’ . ..-

,,.
,,

.,
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TotalRe@s Receiyed 75. . .

Non-B737 Reports ~. :.’,,. .“”
. .

~rts 6nsider@ 53”..;. . ““ “ ,,’
,.... ,.“-..

. . .. .

Synopsis nwiew and ~rting of”tie reports yielded the followi.njy
,. .-,

-,’ #of Events

16

●11’
., 6’

5

“4

2.

“..1 ,
1’

.,1 “

“1

1 “’”

1

1

.“1’

1.

1.

Rep&tedIssue
Operational ~rs (not related to design or hmdwire)

Flap position @licator circuit breaker pbpped

Flaps would not e~nd on @preach

Flaplsp@r indicator tiCtiOnS “ -. .
“Split fl~ asymme~”kctions. .
F@ps would not retract after tahff . ,‘

Flaps “jammed” at 2 degrees .
.,,

“Vibration” detected during flap ,extension

kund spoiler motor rnalfimction..
Ground spoiler actuator hydraulic line failure

“Jammed a.ilerpn due to fkxren water at altitude

Ailektn cable fhilure

“Almo~ ‘kileion &flection,
,-<

Aileron A tab failurelsepamtion

“Hyl&wllicSysteriiB ~ure.

,,

Some of the ASRSrepoti

.,.,, .-.,

,..

,.

..>.

. .

nall q flight wai tintroliable and a *e landing % tie.
providedevidence for potentialjams i.q,thelateral contmla of the B737. One of the jams was ~P”rtedly ‘“
causedby ice formation at altitude aftei ground oper&ons in the rain. bother was due to an ailerim

..”.

,.
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APPENDIX 7

. . .
.. -CDRTEA.M~REPORTS -. .. . . .

‘.- ., .,.$ ,, .’-. . . .. ,’., .-.,-.. . . ‘.,‘, ,. . .
; .“ MANUFA_Rti REPkFA_VISPT-. “;, ‘ ‘,’ “ ,,: - ,., ,-,

,. ..”. ‘,... .. ....,..-’.’. .
1) T’R.&fCO.’The Team memb&s tilted ~CO~ WC., ,m overl@l fmility located in Evere%

“’Washingbm “~CO is a FAR Part 145 Re&&St.aiion and conducts regtilarly scheduled heavy
n@ntenance checks on the B737 and other.@ge”-transpofi ctitego~ aircxaft. me purpose of the vkit was
to I&k at in-~c4 compcxienw ~ob~e the condition of the parts and to famihize the T=
“members with the actual &&aft hardware. In additio~ the Team interviewed TRAMCO employees to
“gettheir views on flight aqtrol”system in-service histo~ ~d problern’areas. ‘

TheTeam cor!ductedinformal @spectionsof B737 aimraft in vario’mstages of disassembly. Locatio~ ~”
orientationand spatial relationships bets&enthe %-ious hydraulic, electical and mec~~ Components.
of the ilight control systems were reviewedaqd noted- The”!%nctionof vario& flight ccmh-olsystem,,

.“ “eqqrjnmts~qb~~.”’ . , ,. , .,, -
!’

l% “Teamw& pro~d~ access to @ehydraulic &mponent -facility. .In &s facility, tie Teammet
with the technicianswho did the actual tear dowq repair, reass&mblyand te~ of the hydraulic

..

,.. .

.“components. SpecMc components that were exr&.ined were the B737 aileron and itidder PCUS. These ‘“’““”
components were examined in detail, ticluding the 11.Wrsjbypass valves and servo valves.” Potential jam
areas where movingamponents hid close”working clearances or where complex mechanisms were
MEcult to inspect w6re identified. lle”acti’ physimI’c@cteristics”(size, surface finish fi< etc.) of the
internal hydmulic components were observed. l%= examinations fisulted in additional “questionsfor
BWkg designengineersor hydraulic componentmanufacturers. .
@)p_R* .,

IN. A Team repn$sentativevisited Parker Hannifin CmporationCimtrolSyitems
Divisionin Irvine,Caiiiornia on December 16,1994 to discuss various aspects of the B737 rudderPCU.
i%rso~el cqnacted were Bill Simmons; Steve We&Ad Shih-YungSheng, all of the ControlsDivision
kgineering Staff.Many items and issues were &c&sed. The following is a sqmmary of the discussion

(i) PCU description&d “iimctioh.The inteti s&&in g +e Ofthe unit is of conventionaldesignand ~
arrangementexcept“it,@~ ~un~t except we .x beam Howevera seandary”(or gfound)spring
prrmidesa redundantlinkage pivot to effectivelyprovjde redundancyfor the beam. No single failureof
any linkageelqnent can result in a hazardous condition.’ The o-on of the yaw damper wbs reviewed ..
with an eye toward de- “ “” g any possible fai.lqremode that ‘wtid result in a surfhcedefktion in
excessof 3 &gre4s:’ The mod piston,stroke”con&o~the”damper input.to &e linkage: It bottoms out hard
mechanic&lIyat the 3 degree input It q@ars @atonly an rhismembly tm,ddqwse-an input larger than
the 3 degr&, It is believed that inisasiembly would be detect&iduring the AcceptanceTest Procedure”
(ATP). A ~py of the -e diagram’depiekg dimensional displacernerits, and?orces” was pmtided to
the CDR Team representative. -.

. .
The dud concentricservo”’valveassembly in the B737‘rudderPCU was inventedcirca 1960. It has a
@my slide and,secondaryslide withaetive stqkes of +.045 in. each. The total stroke of both valves
with overstrike capabiity is _*ol 10 in. l%e valving is balan* with 1500psi. nominal pressureat
neutral. The slide fiction is 8,OZ.maximum for each slide. The secondaryslide has centeringsprings.
equalto 10-12# at the slide ceriteriine. ,
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lle @r@ slider h, fitted vkth abi~ ‘~r@ression spring tit qPlics i pW preload to the slider.
PsII&’iIIdi@ESthat this was Boeing rqiirement to load out he play in the linkage and impr6ve the,’

“closed loop fkquencyr@o*. “;:. ::,:’~.:;’;.“,.-{, ,., ., . ,,

A’~ef revi~ qf the tie ~&=’~~’&~’~&@ s~i~tion for &s tit ~ conducted with ‘. ,,

..P@er Er@e@ng. It_ that the chip ,$waiing fo~ that,can be applh$ to “tie valve centerline by ‘
~ the piIOt= h as 10%’as about 37# based on “tie‘&@rements of ~igure 7 of the Specification Control .”-

-65-44861. ‘;.. ‘!. .. . : ‘“:..;;;;;”{~.:’,:.,; + . ;“,.;, ,. ,- ‘

kthis is c&& it Wojd @esi~titly’i~ ‘ti Boeing&gin~g’& previously bdicated. In
additionit was indi- to the CDRTeam ~presentative ~ B~”bg conventionallyrequires a chip
~earing capabiity of 200# along the valve centedimzParker is lmircntlydesigning ~tuators containing.
&&t drivevalves tl@ even have a chip shearingcapabiity of 80#. ;

~e PCU contains tbres .@terele&&ts, two rat6d at 6 gpm for the systems A and B idets and one rated at
lgpm for the yaw damper. Fil~on rating, for both is 10 micron rioti and 25 micron absolute. .

(ii) Recent PCU c~g~. “tie ‘Adder PCU design is all on Boe~g paper, however, the valve astimbly is
on Parker papq and is mnsidek+l to be proprietary to Parker. The production valve assembly P~ is
68010-5003. TJis is tbe assembly that ~ under adverse.tolerance con~tions %d with’s primary slider
j- ~t in *tor o@put reversal. ‘me Parker Service Bulletin 68010-27-162 replaces this assembly
,~th the 68010-5005 or-5007 assembly. The -5005 is erea@ by simply rcplaeing the spring guide and
other cornponenk in the.-5OO3Sssembly. The new @t then ~mes a matched assembly. This could
cause a problem dow&&ain during overhaul if conducted by otier than knowledgeable Parker staff.’ The
-5007 is a totally redesigntxl uhit with dimensioning and toleraneing ditYerences to ensure that output
reversal .~ot occur. Parkerhas incorporateda&ptance test pro@ur& to check for fissible valve
overtravel “k”bo~ the valve assembly ATP and in the pC!UAn. ~ , - ,

@i) Aileron/ElevatorPCU design histciry. The ailerdelevator PCU with the integrated autopilot
fhnetion was originally designed and built by National Watd.ift, However the current version of the PCU
is f@ricated by Park~ and the se@rate autopilot unit is built by the Montek Division of .E-Sy~ems in Salt

(iv) Hydraulicfluid contarnir@.on. The Boeings@ciicatioti ‘iq&es that the test fluid meet the
particulatecontamination level of NAS 1638 Class 5. Parker hss acceptance standards to ecintrol
particulate contamination level for all fluids U@ for testing to tie requirements of NAS 1638 Class 5. h
addition they also c@.rol the fluid propertid and chemical contamimtion levels. - .. . .. . . . .

.,
..

..
.(

,“

(v) Fabri@on and testing of ~i&l valve assembl&s.,.~e CDR repr&~tive visiti the Psrk&
~mkr SuppgrtDiviaion and met with Wdly W* ~e T&huicaIntegrity”Mauager. Pqker says that”

“.75%of the actuatorscmning in for overhaulhave been remov6d,forexcessive rod seal leakage (the
requirementfor in-seMce componentsis ~mthe ordy of 2 drops/25 cycl& per seal). Additional causes for.
removal are “inopemble” ~d now of ccmrse tits are removed and sent in to inc.orpo~ the replacement
or new valve assembly ‘@rthe Park&rServiceBulletin68010-27-162. AU“PCUSthat eorne in for repair -
are subjected to an acceptan= te+t procedure rega@less of the eustomerccynplh~ hy other
‘nialfunetioti are evaluated and the customer infohrkd of the p~bkm prior to the repair. If units mme in
under warranty Parker takes an oil sample. In some casq if the oil sample &mtains an exdive amount
and size of particles it may nullify the _ty. ‘l%efilters, inl~ and yaw damper, are always tiov~
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elean~ and reinstalled. Other&s of @e a@uatorM only disas&mbled at customer dikxtion or to
@xrectarnalfunctionWc&eredduringtes” .-’ .: ~

.,

~e,techri.itian conductingme incoming&g st&d he had only &en I (maybe2) jammed secondary
valves in approximately 1000units* but had not expknencedanyjammed p-y sliders..He stated

“thathe had seen no hkage jams or other anomaliesthat would have resultedin gross rnalfimctioningof

. .. . . . .. .
,A problem @t they oecasioiully see’in the ict@& ~ ,tie lack of ,potmeeting the ATT input force-stroke
-~ts dw to iWPFoX spring fo~, fi’i~o~’~. O@r phblems include excessive net@al or land
lealmge, excessive phkse lag in,the damper *O (may require replacement of the &m* transfer valve),
and elongation of the primary vhlve drive hole ID due k the valve bias spring preIo@ The majority of.
S&VOyalve repairs tinsist of fWi@ng riewprimary “s~dersdue to wear of the metering edges ardor
erpsionof the orifks in the sleeves.. “’ -, ;

‘l’hesIeeve/slidermatching operationwas observ&. Parker match grinds&e rudder primary valve to its
sleeveto obtain .001-.002 underlap; The,secdary slider is matchedto its sleevewith .002-.QO25 .
overlap.The ailercdelevator primary valve is mach@d to a zero lap conditionwith the secondary
qhedwith.001-.0015 OV@ap. :- ‘ -

. . .. ,, ,,

The assembly @designed to accommodate a single fi+lure due tb a valve jarh Witiout a catastrophic or
had over output condition. The degree of control of the s.irface that the pilot rdains after a jam is a
function of which valve, p@ary or,~ndsry, jams and whgre in itk stroke it jams. Inherent in the design
philosophy of this configuration is the ability to detect a jam of one of the two concentric valves. However
in the B737 rudder PCU implementation it is queti,onable whether an initial jam can always be detected
or @ether some jti may in fact be I@nt. Consideration czxdd be given to providing the flightcrew
with information regarding @e chr&cteristics of ~s valve and suggestions of how the jam fi-eeoperation
ofboth valves maybe ascertained on a pie-flight basis. ‘

(vii S~O @ve fabri~tion criticdty. The valve assembly is a highlyeamplex assembly involving .”
extremely C1OS4toIei-an&s, @iividualized material SelectioUunique material processes and requiring
sophisticated testing equipme,gt and test procedures. The design tolerances must be controlled to provide
tie n~ss@’ date positiom&lityY keep the int&ml fluid leakage to M ac&ptable level and @ provide
the pilot with the nece- controls fideli~. The Wmple@y of Me dual wncer@ic arrangement also

*sthat its d~ign ad iq.tol~ces tie kt? =tit the .@stallation into the actuator. ne design of
the valve itsdfmust be such that the,ieqdtant in@Iation under adverse toleran~s will not bin~ jam or
maliimction in &y way.’This w~”abundantly cl- receritly den it was discovered that evexithe OEM ‘

_~Y ov~look~ a t?lefi~ *kUP ~~ in a.@ous po@@l ma@n&ian of the kxlder PCU.
Due to the close tolm”&s iryolved ‘b the sleeve and s~dq mating sudkes extreme care”must be applied
to ‘tie matciid selection and to the heat @eatspecification for the material. The design requires that the
metering sleevesifor both the p- arid seeondary be dmihk ~t h their respective houskigs. ~
process requires accu@e componeqt tan-” control, special fiximes and experienced o-rs as
well as procedures that are well’thought ou&,~“manufactuie and assembly, the tive must be subjected
to comprehensive testing to ensure tlmt it fimctions properly. fie test procedure and subsequent tests m~
ensure that the ,~mb~y not o~y mest all its performance parameters but also ummver any manufactwhg
“massembly anomalies. In addition to the acceptance te@g thateach ~ufhctured assembly is subjected
to, the design must undergo qualification tests to ensure the valvds abiity to withstand the operational
and environrnmti stresses that it-will see during its life. ~
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InstaUa&onofa I&placement valve”&nbly “khould take into account the &ove issues as minimum. The

granting of a design approval of a repla&ment dual concentric valve assembly @ould Ix!granted only
afterthe design and installation has been thoqn@y k- all process specifications verified and
approved by E@@ng arid ~,@ test procedures, q~cation and acceptance, thoroughly
reviewedand approv~ ~mbly pro&@rcs approv~ q&lific&ioh test wi~e~ iest report approv~
a@ -bly and acceptancetesting witncs@., (See “l@mnmendations For FAA Actio&”Scdion 15.
Recommendation-20.-2ll . . ....’.”’..”-RX . ~~~ ‘ ‘ ~~ ~

(3) DOUGLAS AIRCIQUW. Severalmembers of the CDR Te,amvisited the Douglas Aircmft
~mpany (DAC) in Imng Beach California on December 21,1994., T%epurpo~ of the tilt was to
enhan= the Team’s knowledge, of flight cmntroldesipi philosophi~ ofothcr aircraft “fiufacturers ‘b sri
effort to compare th~ wi~ the @ign principles ,ysedfor the B737. .

Team membeis Mike Zlelinski, Ron Filler, and Tom Donnelly wexcpresent during the one-day event.
The Team was prekented with .m informative discussion by key DAC engineeis and managers reguding
the follofig ~bjed areas Systems, Aerodynamics, and ‘Avionics~ related to the Lateral and
Directional Fli@t Ccmkda on DAC A@anw, the DAC.Failure Modes ind Effkcts Analysis Process;.
Hydraulic Fluid con-on and Sy~ Maintensn&; Flight Control System Maintenance; and a”
History of DAC Flight Control Anomalies. The discussion below is limited to the lateraUdiredional’axes
and does not include the pitch axis. “” ,. ,..

The basic flight ~nt&l design for the DC~9~80/?VfD-90 series airpl~es has mechanical cable driven
tabs for hileroik, ahd a hy@@dly-@wtied rudder witlmual revei%on and “Q-knseti throw limiting.
Spoilers are hydraulically-pow6~, the servo valve for the @oilers is of a dual-spool desi~, the rudder
and yaw damper utilize”singleqool servo valves. DAC stated that their hydraulic system designs do not
usc by-pasisvalv& “dess, aherna~ fhiid paths are available ~ prevent hydraulic lock in the”event of.a by-,.,
p= valve fkilure.’ .- :,,’ ‘ :-.,

The oldti DC-8 seri& ~lim~ have a similar fli~t controls design to the DC-9/MD-80/MD-90 series,
except that all flight controls arc hydra~cally actuated (with tiual diversion), and the rudder is hinge
moment limited., , . ‘. .. . .’. . . .

“me DC-10 and lvDl 1 f@ht cmxrols are op&ated tilely with hydraulic power and have no ,panual
reversion capabiity. These sirplan=’utilize multiple mrfaces in all ax~. Aer@ynamic summing is
utilized mther than having multiple actuatbrs on ‘onelar@r surface. Force override mechanisms are
udiized where n-,@ Wow indep@e@ -on of *o* surf&es in the’same axis necessary to.
wukact the failure of one hydraulically powered surface, even if the.fhihire is a W deflection
haidover. . . “- “’ ‘“” : - ‘:”-”.”- ‘“”-”’ - “

.,

A dual-cbnc&tric,$ervo valve ”d~p’ti- - to powkr the @iiera only on most DAC airplane models.
The spoilers ~ve no rnamial reversion capabiilityiA ‘spl.itable” ~dem valve is used on some applicatioti
with two hydra~c so- for one actuator. This valve h a DAC ddgn and has a two spools on one
input rod in pamllel with break+ut springs so that a single spol jh is c43unteractd by the follow-up
through the other sp601’~ hyddic system. All of the hydraulic yalves udlized by DAC have a
minimum Chip shear capabiity Of 100 pounds.

To designaround,thepotential hazard of an kilcronsystemjm DAC utilhs a “torquetube and override
mechanism”mountedbetween the pilot and cd-pilotcontrol columh on the DC-8 and DC-9/MD-80/MD-
90 series airplanes. A&an ~tial 60 to 90 poundforce is applied to “break-out”the mecm the

\
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wh~l fore% return@ n&r nod ~bntrol the”airplane with the op@e ~eron &d @oiiers. The DC-
10/MD-l 1 airplanes have various ~ring ovixride de~ces on each lateral control surface and in *h major
control medaaism that prevent ‘anyiiie system or surface jam from disabtig the rest of the ~ntrol
ystexn ”’.”. . . ~~ .“ :.;:,;., ,::” ,“’ ‘.:.

,. r..-,._._.. .
A dis&ssion on”the topic of aerodynamic requirements for rudder design revealed that while DAC ~d not
@orm flight testing for rudder hardove& &y @ve pdormed “rudder kicl? man~vers to evaluate the
@.tiotip between iudder throw +d structural s&mgth as a fimction of dynamic piesmre. Besides
structural coqceriis, ‘DAC stated “M rud&r t@w rriay“klsobe ~cted to “knsurecmtrollability. The
DC-9-30 II&m dlitio~ mecMr@l limit since yawing timcnt c-tics ~ unacceptable at
maximum rudder v@h c.crta@flap settings. DAC * that d- flight tests, they look for a steady
sideslip ti point wi+ sufficient ya~ moment margin to handle a crosiwdnd ~

DAC yaw ~pers wqe”then disG&sed., On the DC-8 &d DC-9~80/MD~90 series tii.rplanes,sep~k
series yaw @ropers are _ On theDC-1OA4D-11 yaw damper and autopilot inputs are integrated
with the main PCU via electb-hydra~c control vsdv~ mod pistons, and lockout devices, similarly to the,,.
B737 rydder ‘andearlier @ron systems. _. .,- .-, :: . .

A system saffi engineer florn DAC’SSafety, Reliability, &d Ergonomics ~up gave a presentation of
how DAC konducts a ftihue modes and effec~ analysis (FMEA). For its iater models, DAC utilizes a ‘
comp~hensive FMEA r&kvv process that allows enginekr$ fim various discip@es to provide input and
agree on 6ction”iter&.’ The DAC systerh safety enL@eersact as the cornnion thread during this process
~d.provide continuity. ”DERs authorized to tive Fh4EAs ‘ad syqtcm safety analyses are responsible
tothesafetygroup. ; ““ , .: ’--- ..: ’,,””,-”,,” ,“ . .

.,, .
CDR Team members exptissed con~m regarding DAC’SFMEA proc&s and latent failures.. When
addressing latent fki.lures DAC takes credit for @e impection interval of the identii%d failure, but does
not require a specfic interval for he inspection ~xcept as provided by the MRB process.

. .

...
-,.

..,.:

.-,,..-..,.,......;?.:
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A discussion of hy@ulic fluid con&nination ~~ed that DACutiliz& a hydraulicfluid specification ~
when piocuring the fluidj an in-plant controlpiactiw for fluid handling in plti~ and n?xunmendedin-
aervicepra%ces for airlines to follow. DACreviewedand synopsizedthkii recommendedhydraulic fluid” :
samplingfiequenties for our visit.”A reviewof@ synopsisrevded that the longest time period

,

betweknche@s w~ 4200 flight how-ior j8 months. (= section 13.for hydraulic fluid issues).. It ~~.?
shouIdbe noted that the-MD-80has no recommended@id ~ligg period. DAC ~ed @ they .,.,:
discmmredthis in the course of their preparationfor our visit fid will now make a recommendationfor -
the MD-80. , . .. ..” . .

Finally, DAC presenied the Te&n ~tk a a ‘ofreporkxl lateral and directio~ conhol anomalies for -:
all of the~ airplanes. DAC stated thitt “no ac.cidents,have ever been a&iiutixl” to the flight control
~-of DAC airplanes. DAC ~cluded “*de@” that did got result in hull 10SSfim this assessment ~
(c.g= the MD-11 flap hmylle events). ‘@o, tie Ch@o and Sioux City ”DC-10accidents resulted from a-
Ioss of eontrd, although both were caused by external events (engine related fhilures):

To aummmi& the salient points of tie B737 CDR Team’s tilt to DAC: ~,. -, ,., .. . .

- The earlier DAC airplan~ employ dired cztbl~ven ~= tabs as ‘he primary control Mechanism for

. .

many of the @ight control systems.

- The airplanes ~ch have a hydraulically powered rudder”~ve built-i hardover pm~on with the use
of split_ or manual reversion via hydr@ic power shut-off lever. Earlief’airplans use deflection
hit deyices with &speed @pUtS.Later airplanes use ~C @lowdown) Ii@@.
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- TIE ,~o& ~d ~ting &&@d forqes~&d to amnter’aja in the h&sI controlsy~ are ‘
dMadylow=titio=of~B~7.~ : : . . - - :. .... ,“
.-The DAC tium chip shearing =ity”for hydraulic Ao valves is significantly higher than that
of the B737rudder PCU’se~o valve (l@.veisua 39#). ‘.,.,:”: “. .“ “ . .

. :.: (>:-:.:,’,.:j.,
YDAC @S ~m”tictive eonAtedhydraulic fluid hspection retirements @n those of the B73j. “ ~y

~:,....:h:..<+:: ..‘;,,
- DAC,~0611$ flight = of “~dder Idcks”,ti: @er@&-A kngth issu&; flight te+ts of rudder -“~’{
hardovers to’dqe lateral VS.d@ztio~:*n@ &e not ~o~ed. ~~- “.

,:.

..- ., .:, ...’.~’.,-, ..
- DAC ~lOYSk Saf~, Re~ity,*~ Ergodornics @up to perform hazard a&lysis on newer airplane ~~“~:
models. . . ..’,= -..: .. . .

.,.,,..: .”” .,, -: . . .. --..,..- :..,,.’. .,,. .-?”
- DAC’Sh pds is &rnprehenaive and crosses ~gin~g and ope~onal diw~phes. .,:

... .

- In the DAC FMEA process for tuiaI@ng latentfi~, DAC takes credit for the inspection interval of :’ {
~e identified failure, bh does not “inakethis -on a ~. ,’ ,,’ -..

. ... ,. .-. . ..,’ . ...
. ,;, .’ . ...’ ....-*;.... . . :.”’.:” .,.. ...’. .--~:!,’”

(4) FORTNER DISCUSSIONS. on -her 20,1994, several CDR”Th memlwrs together with ,, ‘.~~!~
Los Angeles “ACOWd MIDO personnel met with Bob, Bill, and Jii Fortner, principals in Former ‘. ‘,;
Engineering and M,an~acturing,Igc., at ihe F~,Los Angeles Aircraft certification Office (LAACO). ~. .. :
. ... ., .,, .?$..

TIWFortuti firm is& autho~ Repair SGtion under ix p% “145‘~d”q~ ~d o~erw - “. ,- .~:~.
. . .

hydraulic ixxipnents of all typks for primarily airline and otlxir ahcraft operator ctistomers. They repair ,-;
and/or overhaul power cantrql units (PCUS) on B737s ailerdelevators, and iudder MPCUS and standby ‘ ~. ,<,.
PCUs. “Theyhave pot b&n”involved with tidd~ MPCUS lately, becauie AD 94-01-07 spw~cally ,“ ““”;:

-S ~ tie ~d~ pcv be modifi~ to inco@@e a modified servo”v~ve that can only be supplied ‘~ :’~,
bythe OEM, Parker Hanniti.n. . , “,. .:..,-:-. - ., . _ ,’7

,.. . :.’?
,-.

Fortner hgin@ng develops the~ own Ffi-approved &ta under the protilons of SFAR 36 to produce, ‘“-1”
repair, o; replace parts for the units they overhaul or for ‘M by other overhaul fmilities that have sent ~“
specific c%rn~nents to &em for iepair. The most cogxnon of these componentsare what ii ref- to as .‘ ~ ~~
“lapassemblies” ~~ are typi~y ~o vales or by-pasii valves that have extremely close toleranee : :%9
~@ ~ (sfides and SkVC$S) that mist be lapped @gether. “.. .

. .
.

, +$

..-,
. . . .“/ ,.. . . . .

The data develo@ and appr&& by Fortnm”underSF~ 36 r&y &baaed on many types of documents ~
includingoverhaul manuals, primhry -e mE@&t& &&&tgs {e.g.Boeing or Douglas)and vendor . “, .”~
qwings. hy ties th~ dti~ti~ ~ ~phed”to F&t&rby their operator (&he) _mer. ne ; . ;;
LOS Angeles ACO, “l@W, ,fidFSDO re@arlY”h@its.F&t&r to assure compti_witi w @egt ~....

mons iuc1- pm 145, pw 21, SFAR 36, ~ ~ tirthiwss @at@ns (&t 25); HOWeVer, --:
Fotis overhaul of Boeii hydraulic ‘components is not authorhzdby, nor coo~ ti~ BoeiIIQor . ..::

,.their OEM vendor, Parker Ha Bag@ of this-lack of ~~u and in mnsid~ori of ~e- : ~~
&tidi& of the main rudder PCU, the CDR Team questions the abii of Forhmr to tintinue fhbrition.,
“ofthe dual spool semo valve e@valent to that of Parker. (See “Reimmrnend@o& For FAA Actio~” “ ‘“
.Section 1$. Reuxnrnendation -20,-21, -22). ,.

....
.-

In fhhneaq thou~ it must & dd that Fortner @gineeringis an establ.isked &d respected overhaul
fkciity”and they have been @orming this type of work sin% the 1950’s. They have overhauled over “
50,000 lap assemblies and enjoy the cordldenee of both airfhme mamifacturms and rnaky airline

.,.
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(S) HO~~LL A Teamrepresentative~~ Hon&@&ny in PhoeI&”Arizorq on Decergber
16, 1994. The purposeof tb+~p was b“review the H~ne@dl/Sperry Yaw Dam&r design (Boeing
Model No. 1O-6O447-2UQused on Boeing Models 73?T200, ,300,400, and-500 ,@rplan%and to
ideri~ any issues a.woeiated with the design @at may eompmmisc s@@. , “.

..
::

... .

..

(i) fioneywe~stafTpresentat that rn&ting’were:Mr. Hal Thornas, timpany D@nated FM Engin*~” ,:..: ..i~+x
Ms. PamelaKrdisb QualityAakqrancel?ngin~, Mr. Raymond Rumrhel,Des@ Engineeq and Mr. ‘” ~<~k

. Tmanti ties, Production Eng@eer. Honeweti was asked for an accounting of the Model 10-60447- ..; .-
XX fhilures dur@g the preceding 12 months. ,That aemuntig r&&led rmunexpeetedy excessive ~ ‘ ‘,~,~
~uency of rate gyro fkil~ The reason for the excessive &qu’encyof &e gyro fhih,uesis a Boeing
enginechange. ‘Thera~”gyro is ~e principal and mo~ sign&snt componentin the YawDamperdesign.
Of the 200 failur& examin~ 130w= due to ~ gjmt%ilures aud all of those were causedby dmr@e
to the rotor bearings.,Of&e -g 70 fki@res,42were .m~ed as Wo fault Found”aud the
x 28,failureswire considered.“typical”(i.e., ‘tied wmponen~ mld SOldmjoints m.). Boeing
rquested that Honeywellapprovetbe design in a dHerent vibration #ntinmenL That new vibration
environriwntv& ad- result of tie engine change~ch wa$’thep~cipal ~erence between the ‘
model -200 and the -300 &craft. Honeywell has an action item to review those failures with Boeing.

@) Honeywell.@ not av&-e of the Boeing “YawDamp& sykern fkil&”that can cause &e Yaw Da&per
to command up to 120 secc@a of rudder hardover. This fhilure is ca~ by au open feedback signal
between the Yaw Damper transfer valve position and the actuator integmtor. An open or an intermittent
at this poini ean allow the integrator t6 accuniula& ~ & RC time constant up to 120 wid.s of “On
Tree” which when wplied to the transfti valve, will co-d fbll rudder displacement up to plus or
*M tk&e degr&a. Tl@ mdf@tion is not considered to be a direct eauae of a ca@stnpbic event. ‘
Further investigdon is beiig titiated by Hone~U.” . .. ‘ . . -,. .’
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“,.“A-’&, made by the B737 CDR Teani ti ob@’~ ,Natio,@ T-rtatiori Safe@”Board (NTSB)
,’

. . %@ Reiorn@nd&ions; inchlding’their asw%ted syno~ of responses and current status, related to.
B737 fight controls. Safety Remmmendations afe formally issued by “theNTSB as a r&ult of accident
and incident investigations. l’hey are non-cry and are issued to gove~ent Wencia, airlines,
rnan~ or any o@r organizationwhich’cai effixx an enhancementin aviation safety. Aftera “

‘ SafiXYRecoqrnendation is issuedjthe .~B tracks the responses r&ekd by the targetedorganization.!, . . . . . .. .,. -
A r&i~ of NS& ,&cmunen&tions “&&d sev&althat ~otided further supportfor the Team’s
con&rb for the failures and isshes that @ idendfi@ in @is‘ivpo~ (i) Rec. Nos. A-73-073/-O74-

iCREWTRAININGONEFFECTSOF SPOILERS. As a result of a B737 accidentin ChicaQoin

.

..-.

,.

.,. .

,-,:.cc-.

.-,.“

.1972, the NTSB recommendedto the FM to &s.sess methods of fkmiliarkine crews with ~e - ‘.;
eff--of spoilers’and ~ isstie ~ advisory bulletin wamirig against the hazards of improper spoiler. . .. ..=-. : ‘- ,— ,., ,.

,.
~i) Rec. No. A-91-077. - ST-BY’RUDDE,R GALLING. .The 1991 investigation of the
Colorado Sprin@ B737 accident revtxd~ that”the standby rudder @’galled due to an improperly
designed bearing. tie ~e galkng ~ not cited as a cause or factor in the accideng the NTSB
mcommend#d that the Fh, iksue aii AD to check the kiring in all B737s because of the potential ~‘
hazardof ryddm’bm@ingl.TheF~ did not i~e an AD,”but W performed testing to prove that
the torque tub” ~ c&mects the standby rudder to th4 main rudder PCU can has adequate “wind
up” to handle’a seized bearing, and that the fkilure would not be latent. The NTSB closed out the
recoqugen&tion with “acceptable alternative actiori.”

(iii) Rec~’Nos.A-92-118/-120/-121 -,RUDD~”h4PCU SERVO VALVE. k a rckh of a B737 ‘
uncmmnanded rudder rever@ incident @eN“lXBissued three &cmnrncn&ions to the FAAwhich
resulted @lAD94-01-07. AUt$ree recorhmendatio~ are “clo~-acceptable action.”

(iv) R&. NOS.A-93-133)-134/-l35 - SPEED B@ ‘CWLE ROUTING. As a tit of an ~ ..
inci&nt in Charlotte, North CaroIir@ in which a B737 speedbrake was stuck up, recomrnendatioti
were ~ @ prev~t the rniar6uting of speed ~cabl~ @e recommendation was for the FM
tQissue an ~ for a,on@ne iqspecdon for ~ 6rake &ble routing. fie ,FAAdid not comply
with one rkzommendatioq while two oth~ fykre,corq~ed with regarding a revkion in’the Boeing ~‘

. .
mmdmmce manti .....’..,, ..-.”..,.. . . . . .. . ,.

(v) Rec. Nos.,A-94-064/-O65/-M6 - AILERON CABLE WEAR. As a result of a B737 incident in
Newadq New Jersey, in which an aileron cabIe fkikd aqd caused an emergency landing back at the
departure &po@ three ~mmendations were rhade to the FAA to @sueau AD for the periodic -
_On of ~le w- (oK -unacCep@ble.res@nse tci of ?/19/94}, require Boeing ~’e-e tie
consqmces .of an aileron cable fdure, and to conduct a study to determine the frequency of all
control cable fkihnks of selezted airplanes.

,.
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REc# .’. :,s UIy-Egr”:(;, ‘“ “ STATUS . COMMENTS

A-73-073.. EM TO REASSESSh@THODS CLOSED- ~~~“’ . Accident - U(W72
,,. . ‘ TO F@fILIARIZE @EWS FOR . ACCEPTABLE. . &&o - Midway
. EFFECTS OF S~ILERS “,~~:~~~!;:<“A~ON. ” ,,. .-

A-73-074 . Fe TO ISSUE hVISORY .,;:,< CL@~- ‘ “,, , Ackkieyt - 12/8/72
.

B~~ FOR HAZARD s OF .>-ACCEPTAEiLE “..
,. &ctqJO - Midway”

SPOIl$R IMPROPERUSE . ~;. k’TION ‘-”. .

A-82-083 -.. FAA TOISSUEADfOPS ~. ~ CLOSED - ~ , Accident - 1/13/82
,’ C~GE FOR ICING “: ~ “~ ‘ UNACCEPTABLE W* “~ - ~~o~,.. . . .. .

~, .,. f,. ’-,. ACTION -

A-89-058 ; FAA TO DET?ELOP >-“. OPEN- Auident - 4128!88
,. lNSPE~ON PRtiti FOR ACCEPTABLE &ti ~~ ‘

‘ FATIG~ CRiM2KING” ,,, ~~~.“.: RESPONSE -.’,...

A-89-MO tie TO ISSW AD TO INSPECT dLOSED - Accident - 4i2~188.,
FORENGINE CONTROL CABLE ACCEPTABLE _ ~w& .. . ..---
CORROSION. .- -:’‘ ~~ ~~“’ ACTION ‘ “’., ,.-,

A-91477 .. Fti TO ISS~ ~ TO CHECK ,. CLOSED -. ;, ; Accident - 3/31/91
:’ BEz@NG IN STANDBY: ‘. ,’ ACCEPT~LE ‘. .’ ~lo~o sp~g~, ~0

,. R~?ER DUE TO’G~LING ., ALTE~ATE%.. ’.’ .,,> ,. .<. . . .. . ---. . .. . ACTION .,,,

A-92-1 18 FAA TO ~Qk BOEING CLOSED : ~ . ‘ Rudder reV-
DEVELOP “TESTFOR MPCU .-“. ACCEPTABLE incident
SERVO VkVE OPERATION ACTION ~~., ‘“...”.

A-92-120 FAA ~,ISSUE AD FOR DESIGN CLOS”&l -. R~der reversaI
CHANGES TO RUDDER IMP@ ACCEPT*LE . incident ,,
TO P~m REVERSALS - ACTION”.”””

A-92-121 FAA TO co~ua A DMIGN. ” ‘CLOSED”-. “ Rudder tiV~
REVIEW OF THE RUDD~ ‘ ; Ac~BLE ‘, incidqy
MPcu To PREVENT.REVERSE‘‘ACTION’ ‘“ “ . “’.’.,

A-93-133 FAA TO ISSUEAD FOR O= ‘.’- C@sED - Ill&lent - 3i24193
17.MEINSPECTIONOF.SPEED.-. UNACCEPTABLE
B- CABLE ROUTING ‘ ACTION

-otte, NC ““

A-93-134 FAA TO REQUIRE BOEING TO CLOSED -. Inci@t - 3L24/93
MODIFYM+JT. MANUAL ACCEPTABLE i’
FOR SPEED BMKE CABLE ACTION

Charlottq NC,.

“ROUTE

. .

(39)’--
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REc# .,, ““-’ “,:, “Jsmq..:;::2~$:y:.”i: . ~A~s ‘.., .COMMENTS .. . .

A-93-135 ... pAA TO I@URE BOEING:~:.;,. Cysm-. ..,:..::’; Jncident - 3Q4f93 “‘. .. ........ ..
~~MODIFY W.,lylANU$@fij-~< AqAB~ ,..:,’. &o& N; -

FOR SPEEDBI@@ CAW+.Y+:: ACTION1i’::{.”-:=:..; :..”,,-..”,-””’
...””- IZO~, ~;: --- ... {.!..i~A!;;.:$+~, ‘?:;:i;.:::::.’’:’j::::.~’‘“”.”:’;~i . ,, .,-.

A-94464 FAA % ISSUE AD FOR ‘.-. “-”’. oP@J - “’”’”=;.!” ‘“‘. Wdq - 31~5@3
. . “. PERIODIC INSPECTION OF .“”~‘ wA-AJ3LE “-- ~~~, ,. ..> - A.lLkUIONCABLE WEAR “ . REsPoNsE(9/19f94) :“ ““... .

X-944%5 “- FAA TO REQUIRE BO~G -. ““ OPEN-’”- ‘.:.: “ Incident -3115193
.. ~ @XRON CABL~. ACCEPTABLE “. N-NJ

“ FAILURE AND PROVIDE OPS ‘ ‘~PONSE (9/19/94) ..

fi,-g~ “F- AA TO CONDU~ A“STUDY ..’ OPEN -., ;“ ‘/”, ~‘“ \ +cid~! - 3f~5B3
,. :?. “’ TO DE~ FR@JENCY ACCE~ABLE “‘“
#----

OF~L B737FLIGi3T. “ -,’..’ RESPONSE (9/19/94j ‘e- “
:. ,! ‘ - CONTROL CABLE FATLL@S ‘ .-.’ ““. --’
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